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1. Introduction

One of the reasons that cyclopropyl-group-containing
o-amino acids play an outstanding role in biologically
important processes, the synthesis of peptide mimetics and
modern drug discovery, is their constrained conformational
flexibility compared to analogous-amino acids without the
cyclopropyl group. Although all of this essentially started
with the first synthesis of 1-aminocyclopropane-1-carboxylic
acid (ACC) in 1922, this compound was merely regarded
as an interesting structural curiosity. The real interest in the
so-called methanoamino acids only began with the discovery
that several of them occur as natural products and as such
come along with interesting and important biological activi-
ties. Ever since, these amino acids have attracted considerable
attention of certain biologists and synthetic organic and
peptide as well as medicinal chemists. The investigations in
this area have been intensified particularly within the last
15 years, when a number of methanoamino acids were found
to be valuable entities in pharmacologically relevant com-
pounds. Up to date, several reviews dealing in {péror
exclusively~7 with the syntheses and applications of 2,3-
methanoamino acids have been published, with the most
recent one coming from our own gro&Since research
toward 3,4- and 4,5-methanoamino acids, also called cyclo-
propylglycines and cyclopropylalanines, respectively, is the
relatively newest area that had attracted little attention until
about 20 years ago, its achievements have not been sum-
marized so far. Thus, this review is intented to particularly
compile and briefly discuss the biological properties, phar-
macological activities, and successful syntheses of these 3,4-
and 4,5-methanoamino acids.

2. 3,4-Methanoamino Acids

2.1. Unsubstituted 3,4-Methanoamino Acid
(Cyclopropylglycine) and Its Derivatives

Cyclopropylglycine exhibits several interesting biological
properties. For example, it was found to act as a noncompeti-
tive inhibitor of Escherichia coli without showing toxic
effects in mammalian systert&? Cyclopropylglycine acts
as an alternative substrate for the valyl-transfer ribonucleic

© 2007 American Chemical Society
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Scheme 1. Syntheses of Racemic Cyclopropylglycitiel®
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acid (RNA) synthetase; as such, it is more effective than
valine itself, and it participates in the adenosingriphos-
phate phosphorus-32-phosphate (AT®PP exchange cata-
lyzed by either valyl-RNA synthetase or leucyl-RNA syn-
thetase:*

The first synthesis of cyclopropylglycine, originally called
a-aminocyclopropylacetic acid, was developed in 1952 with
regard to a study of the biological effects of analogues of
naturally occurring amino acids. Starting from cyclopropane-
carboxaldehydelj, a Strecker synthesis via the cyanohydrine
2 provided access to racemic cyclopropylglycii3g i6 9%
overall yield (Scheme 1, eq 1). In this context, cyclopropyl-
glycine was found to have a slightly sweet taste.

In combination with the design of a synthesis @&f-
unsaturatedi-amino acids by reaction of electrophilic glycine
cation equivalents with Grignard reagents, the racezic
(benzyloxycarbonyl-) protected methyl cyclopropylglycinate
6 was prepared in a single step from th@rotected methyl
amino(chloro)acetat® and cyclopropylmagnesium bromide
(4), albeit in moderate yield only (Scheme 1, ed®¥The
glycine cation equivalent ethyl 2-acetoxy-2-(diphenylmeth-
ylene)aminoacetat&’), upon reaction with the cyclopropyl
cuprate generated from cyclopropyl bromide wight-butyl-
lithium and cuprous cyanide, furnished the protected cyclo-
propylglycine8 in a single operation and good yield (Scheme
1, eq 3)¥ The reaction of a resin-bound glycine cation

equivalent, generated by reaction of a resin-bound (acetoxy)-
aminoacetate, with the cyclopropylorganoborane generated

from cyclopropyllithium and 9-methoxy-9-BBN, was used
for a solid-phase synthesis of racemic cyclopropylglyéine.
Racemic cyclopropylglycine is also accessible from methyl
2-chloro-2-cyclopropylideneaceta® (which can be reduced
with sodium borohydride to methyl 2-chloro-2-cyclopropyl-
acetate 10). Nucleophilic substitution of the chlorine itD

by azide and subsequent catalytic hydrogenation gave

unprotected cyclopropylglycineS) (Scheme 1, eq 45.

The synthesis of racemic cyclopropylglycine coordinated
to cobalt in the form of its tetramine complex [Co(A)
CprGly" has also been publishé#l.

Photolysis of the (dimethylamino)(cyclopropyl)carbene-
chromium complex ], easily available by reaction of,N-
dimethylcyclopropanecarboxamide with disodium pentacar-
bonylchromium, furnished methyN,N-dimethylcyclopro-
pylglycinate (2) (Scheme 2, eq P Application of these
reaction conditions to the chirally modified (amino)(cyclo-
propyl)carbenechromium complég, obtained by treatment
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Scheme 2. Syntheses of Racemic and Enantiomerically Pure
Cyclopropylglycine from Carbenechromium Complexe$?2°
NMe, hv

43%

(CO)sCr COMe
NMe, M

1 12

of the corresponding (cyclopropyl)(methoxy)carbenechromium
complex with (R,29-2-amino-1,2-diphenylethanol, afforded
the chiral morpholinone derivativie4 in moderate yield with

a good diastereomeric excess. Since lactones sutha®
readily cleaved to free amino acids by hydrogenolysis or
lithium in ethanol reduction, this chemistry was claimed to
provide a convenient route tdR)-cyclopropylglycine 8);
however, removal of the chiral auxiliary it¥ has not been
reported by the authors (Scheme 2, ed®2).

Enantiomerically pureN-acetylcyclopropylglycine has
been obtained by enzymatic resolution of the corresponding
racemate using Acylase*l.

In addition, several asymmetric syntheses of cyclopropyl-
glycine have been published. Cyclo-1,1-dialkylation of the
phenylsulfonyl-stabilized carbanion, generated from the chiral
glycinol building block15, with 2-chlorobromoethane gave
the cyclopropane derivativis, which was further converted
by reductive desulfonation, cleavage of the tetrahydropyranyl
ether, and oxidation of the resulting primary alcohol to yield
N-tert-butoxycarbonyl-protected|-cyclopropylglycine §)-

17 (Scheme 3, eq 1). As both enantiomers of the chiral
glycinol derivativel5 are availablé?23this method offers
access to both enantiomers of cyclopropylglycihe.

Palladium acetate-catalyzed cyclopropanation with diazo-
methane of enantiomerically pure ettN#Boc-vinylglycinate
(18) provided the corresponding cyclopropylglycine deriva-
tive 19, which was deprotected to furnisB){3 (Scheme 3,
eq 2)%

Scheme 3. Syntheses of Enantiomerically Pure
Cyclopropylglycing?4-26
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Figure 1. A 2-pyrrolidinylacetic acid derivative featuring a
cyclopropylglycine moiety’

Hydroboration of ethynylcyclopropang2(@) with dicyclo-
hexylborane followed by transmetallation with diethylzinc
provided a cyclopropylvinylzinc species which underwent
addition to benzaldehyde in the presence of an isoborneol-
based chiral catalyst to yield the virtually enantiopure
cyclopropylallyl alcohoR1. Conversion of the latter into its
trichloroacetimidate, subsequent [3,3]-sigmatropic rearrange-
ment, and exchange of the trichloroacetyl with ldsert-
butoxycarbonyl protecting group yielded the protected
allylamine 22 with full retention of the stereochemical
information. Oxidative cleavage @R, after recrystallization
to improve the enantiomeric excess, furnished enantiopure
N-tert-butoxycarbonyl-protected cyclopropylglycin®{17.

As both enantiomers of the chiral catalyst are available, this
method offers access to both enantiomers of cyclopropyl-
glycine (Scheme 3, eq 3, only one enantiomer is shafn).

The discovery that thg-chemokinine receptor CCR5 is
a coreceptor applied by the human immunodeficiency virus
(HIV) to gain entry into host cells has sparked the interest
in synthesizing small molecules as potential CCR5 antago-
nists. Within a series of 1,3,4-trisubstituted pyrrolidines, the
cyclopropyl(pyrrolidin-1-yl)acetic acid derivati\8 (Figure
1) was prepared and assayed with respect to its antiviral
activity. Compared to other pyrrolidine derivatives, however
23 did not exhibit any adequate activity.

An application of the Ugi four-component reaction to
several cyclopropylisonitriles in the presence of cyclopro-

panecarboxaldehyde, benzylamine (or other primary amines),

as well as cyclopropanecarboxylic acid (or other carboxylic
acids) provided a series of new dipepti@dseach containing

a cyclopropylglycine moiety (Figure 2), in yields ranging

from 38 to 86%. Several of the dipeptides were very well
rigidified and characterized by X-ray crystal structure
analysis’® These cyclopropyl-group-containing dipeptides,

however, have not yet been tested for potential biological
activities.

With the intention to unveil selective inhibitors of the
peptidylglycine a-hydroxylating monooxygenase (PHM),
which were expected to be useful tools in endocrinology,
(2R)-cyclopropylglycine has been incorporated into the
tripeptide 25, representing a substrate analogue of the
naturally occurring tripeptide which contains an unsubstituted
glycine moiety (Figure 2). However, the tripeptig&proved
to act as a poor competitive inhibitor for PHM orf.

In order to develop new combined as well as selective
antagonists for the Endothelin-1 (ET-1) receptor subtypes,
ETa and ET, a variety of peptide analogues of known

antagonists have been designed and investigated with respect

to their pharmacological characteristics. Among these ana-

logues were several cyclopropylglycine-containing com-

pounds, such ag6 and 27 (Figure 2), which exhibited in-

teresting properties and selectivities toward the ET receftors.
A novel type of oomycete fungicide based Nrsulfonyl-
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Figure 2. Cyclopropylglycine-containing peptides and peptido-
mimetics29-31

with respect to its structureactivity relationship, showing
that a cyclopropylglycine moiety as i88 (Figure 2) is
tolerated without significantly affecting the fungicidal activ-
ity, yet the efficacy was higher for the- than for the
p-enantiomep!

2.2. 2-Amino-2-(1-hydroxycyclopropyl)acetic Acid
[(1-Hydroxycyclopropyl)glycine]

Cleomycin 29 is a macrocyclic antitumor agent which
belongs to the family of bleomycifphleomycin antibiotics.
Cleomycin29 contains one unit of)-cleonine30, i.e. 2-
amino-2-(1-hydroxycyclopropyl)acetic acid (Figure 3), which
can be considered as a 3,3-ethano analogue of s&fife.

An early synthesis of racemic cleonine started with
protection of the hydroxy group in cyclopropanone cyano-
hydrin 31 as an ethoxyethyl ether. Subsequent cautious
reduction and hydrolysis afforded the protected aldel3gie
which was converted into the aminonitriB3. Hydrolysis

O~ _NH
I-ZI NH o agmatine
NVKM/NH2 1’
o) S
N/IN H © N\ S
HzN)ﬁ)\"//o oHoﬁ\,(N NH N’ N\
AN N NQ-R v Hk)\s
H
N
HO_ _OH )
O N
o H
OH OH
0] HO OH
HO OJ\ NH,
cleomycin NH; cleonine
29 30

Figure 3. The natural product cleomycin containing the 3,4-

amino acid amide mimics has been prepared and assayethethanoamino acid cleonifg33
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Scheme 4. Syntheses of Racemic and Enantiomerically Pure
Cleoningt6:32.34
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of the cyano group i3 and cleavage of the acetal furnished
racemic cleoning0 (Scheme 4, eq P

Racemic30 is also available from benzyl 2-chloro-2-
cyclopropylideneacetate4) via the Michael adduc85 of
benzylalcohol formed under base catalysis. Nucleophilic sub-
stitution of the chlorine by azide and subsequent hydrogen-
olysis provided unprotected cleoniB8 (Scheme 4, eq 2f.

Enantiomerically pure cleonine was prepared starting from
the triply protected R)-Z-serine R)-37, which is easily
available from R)-serine [R)-36] by esterification, Z-
protection of the amino group, ar@,N-acetalization with
acetone dimethyl acetal. Titanium-mediated reductive cy-
clopropanation of the latter with ethylmagnesium bromide
gave rise to the substituted cyclopropaf8] the O,N-acetal
of which was cleaved followed by oxidation of the liberated
hydroxymethyl group to furnish th#&-protected amino acid
(9-39. The latter was deprotected t&{cleonine §)-30
(Scheme 4, eq 3). In the context of this study, cleonine was
also incorporated into a dipeptide with alaniie.

The titanium-mediated reductive cyclopropanatiorB@f
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Scheme 5. Syntheses of Enantiomerically Pure
3,4-Methanoarginine and a Derivative Thereof (Only
Transformations of the synlsomers Are Showny®°:36
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as a separable mixture of two diastereomers. Further conver-
sion of syn41 by reduction of the carboxyl group afforded
the hydroxymethyl derivativesyn43. Under Mitsunobu-
reaction conditions with protected guanidine as the nucleo-
phile,syn43 gave the protected precursor to 3,4-methanoar-
ginine, which was eventually transformed iliebenzyloxy-
carbonyl-protected &3S49-3,4-methanoargininé2 (Scheme
5). Alternatively, the hydroxymethyl functionality syn43
was converted into an aminomethyl group, and this was
subsequently acetimidated. Separation of the diastereomers
and removal of the protecting groups furnished the arginine-
derived (&3S 49-3,4-methandN-(1-iminoethyl)+-ornithine
[(253549)-44] (Scheme 5). Analogous transformations of
anti-43 provided access to £3R,4R)-3,4-methanoarginine
[(2S3R,4R)-42] and (Z5,3R,4R)-3,4-methandN-(1-iminoet-
hyl)ornithine [(Z53R,4R)-44)], respectively?>36

Evaluation of compoundé2 and44 as potential inhibitors
of the three isoforms of nitric oxide synthase determined the
arginine derivative (83S49-42 to be a poor substrate of
NOS while the (3,3R,4R)-isomer of42 was found to be a
poor inhibitor, albeit without any isoform selectivity. Com-
pound (&5,3549)-44 as well as the (@3R,4R)-isomer of44
exhibited competitive inhibitory activity against NOS in a
time-dependent manner, with a selectivity for inducible NOS
(iNOS), but not for neuronal (nNOS) or endothelial NOS
(eNOS), whereas the £3S54S)-44 isomer turned out to be
the more potent and selective oife.

2.4. 3,4-Methanohomophenylalanine
[(2-Phenylcyclopropyl)glycine]

An access to racemitans-3,4-methanohomophenylala-

was also carried out in the presence of 1-hexene and thenine starts with the cyclopropanation of styresey thermal

O-silyl-protected 1-penten-5-ol as well as 4-phenyl-1-butene,
respectively, under ligand exchange conditions, to yield
precursors to the 2-butyl-, 2-hydroxylpropyl-, and 2-phenyl-
ethyl-substituted analogues 88 as mixtures of two dia-

addition of ethyl diazoacetate to yield etligdns2-phenylcy-
clopropanecarboxylate. Hydrolysis of the latter, reduction to
the corresponding hydroxymethyl derivative, and reoxidation
led totrans-2-phenylcyclopropanecarbaldehyd®), which

stereomers, each of which was further transformed into the was converted by a Strecker synthesis to racemits-3,4-

corresponding protected 2-substituted cleonine analégue.

2.3. 3,4-Methanoarginine

Arginine and its structural analogues attract considerable
attention in the context of nitric oxide synthase (NOS)
substrates as well as inhibitors. In order to evaluate the
potency and selectivity for human NOS isoform inhibition,
conformationally restricted, optically pusynt andanti-3,4-
methanoarginine were synthesized. 1,3-Dipolar cycloaddition
of diazomethane onto the enantiopug-(lehydroglutamate
derivative E)-40, obtained by Wittig alkenation of protected

serine aldehyde, and subsequent photolytic fragmentation of

the formed pyrazoline gave the cyclopropane derivadive

methanohomophenylalanind? (Scheme 6). The silver(l)
peroxydisulfate-induced oxidative decarboxylatiorirahs
3,4-methanohomophenylalanine has served as a chemical
model system for reactions catalyzed by monoamine oxi-
dase¥’

Scheme 6. Preparation of Racemitrans-3,4-Methano-

homophenylalaniné?
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Scheme 7. Preparation of (R,1'R,2'R)-3,4-Methano-
homophenylalanine®
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An asymmetric synthesis of 3,4-methanohomophenylala-

nine started with a Wittig alkenation of the Garner aldehyde
(9-48, employing the ylide generated from benzyltriphe-
nylphosphonium bromide, to give an easily separable mixture
of (E)- and @)-isomers of the corresponding styrene deriva-
tive 49. Subsequent cyclopropanation of tEg-{somer §,B-
49 with bromoform under phase-transfer catalysis provided
the correspondingrans-disubstituted 1,1-dibromocyclopro-
pane derivatives, the major diastereordrof which was
reductively debrominated with tributyltin hydride to yield
51. Cleavage of théD,N-acetal, Jones oxidation, and final
deprotection led to [®1R2R)-3,4-methanophenyl-
alanine [(R1R2R)-47] (Scheme 7). The same sequence
of transformations applied to th®)-enantiomer o048 gave
(251S29-4738

The synthesis of enantiomerically pure 3,4-methano-

homophenylalanine has also been achieved involving a

Suzuki coupling of a cyclopropaneboronic acid ester as the

Brackmann and de Meijere

Scheme 8. Synthesis of Enantiopure 3,4-Methano-
homophenylalanine?®
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dimethylsulfide and an enantiomerically pure 2-aminoalco-
hol, provided a separable mixture of (2-arylcyclopropyl)-2-

furylmethanemine§laand61bor 61cand61d, respectively.

Oxidative cleavage of the furan ring in each of the four
diastereomers with in situ generated ruthenium tetroxide gave
the four diastereomeric 3,4-methanohomoarylalani®2s
each in enantiomerically pure form (Scheme®).

Milnacipran, @)-Z-2-aminomethyl-1-phenyiN,N-dieth-

key step. Toward that end, the acetonide-protected serineylcyclopropanecarboxamide, is a clinically effective antide-

52 was reduced to the Garner aldehyd8 which was
directly treated with dimethyl 1-diazo-(2-oxopropyl)phos-
phonate (Bestmann-Ohira reagent), furnishing the ethynyl-
oxazolidine derivativé3. The latter was hydroborated with
dicyclohexylborane. Subsequent oxidation with trimethyl-
amineN-oxide and esterification with pinacol provided the
pinacol alkenylboronat&4, which, by palladium-catalyzed
cyclopropanation with diazomethane, afforded an only
partially separable mixture of the corresponding diastereo-
meric cyclopropane derivativesb. Cyclopropanation with

diliodomethane/diethylzinc proceeded with reversed diaste-

reoselectivity. Palladium-catalyzed Suzuki cross coupling of
the obtained mixture with phenyl iodide followed by cleavage
of the O,N-acetal furnished a separable mixture of the
diastereomeric primary alcohdkaand56b. Oxidation of

each of the diastereomers to the corresponding acid either

in a one-step or in a two-step procedure yielddd 152'S)-
and (R 1'R,2R)-3,4-methanohomophenylalanine in Ns
Boc-protected fornb7 (Scheme 8¥?

All four transisomers of enantiopure 3,4-methanohomophe-
nylalanine and aryl-substituted derivatives thereof were
prepared along an enantioselective route starting frde (2
1-(2-furyl)-3-arylprop-2-en-1-ones8, which are accessible
by cross aldol reactions of acetylfuran with different aromatic
aldehydes. Cyclopropanation 68 with dimethylsulfoxo-
nium ylide yielded the cyclopropyl ketonés® as single

diastereomers, which were stereoselectively transformed into

the correspondingH)-oximes E)-60 or the @)-oximes &)-

60, respectively. Subsequent protection of the hydroxy group
as the benzyl ether followed by enantioselective reduction
with borane-dimethyl sulfide in the presence of a chiral
oxazaborolidine catalyst, generated in situ from borane-

Scheme 9. Enantioselective Syntheses wéns-3,4-Methano-
homophenylalanine and Derivatives Thered®

o
0 A Ar
\ 58
90-97%| DiSo, N
T30
& H
H Ar
H,NOHeHCI
74—86%‘@-’0 59 77_82\%|N60AC
o NaOH o H O\
N-OH N
[ ) TN,
H Ar H Ar
(E)-60 (2)-60

1) NaH, BnBr
40-46%| 2) BHzSMe,
cat’

1) NaH, BnBr
39-46%) 2) BH;SMe,
cat’

N\ O
H
NH, +
H
Ar
61a
RuO, RuO,
NalO, NalO,
‘l’, t. r.t
H COH 4 GO
NH, o O NH, % NH,
H ~H ~H
Ar Ar Ar Ar

(2S,1'R2R)-62 (2S5,1'S,2'S)-62 (2R,1'R.2'R)-62 (2R,1'S,2'S)-62

Ar = Ph, 2-CI-CgHy, 3-MeCgH,, 4-MeOCgH,, 2-naphthyl
n. r. = yield not reported
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Scheme 10. Synthesis of 4-Diethylaminocarbonyl- Scheme 11. Synthesis of Racemic (2-Methylene-
3,4-methanophenylalaniné!-42 cyclopropyl)glycine®®
EtN pp NHBoc 1) ac,0, Py NHBoc  PdCl,(MeCN),
PhCH,CN  Ph, HNE Swern A 2) PdCl,(MeCN), H CH,N
x NaNH, i O oxid. 4\5/\(302”'5 2 NCOZMe =
8 /2 == 2 H 60%  OAc 68%
67% 07> g 87% HO 96% 69 70 dr 1:1
(R)-63 % ee 64 65
pAc 2) ZONCHSeON
EtN - Et,N Et,N -0,NCqH,Se
2 ;Ph 1) ::IESSICN 2! _Ph ;; :CCI) MeOH E12 ?h H NHBOC BuP 4 H 1) KOH
= 3 X 2 ; §
o] 2) NH, o] 3)6 N HCI 0 R co Me3)03—> «NBoC2) CF5COH «NH
- - 2! o,
OHC . 64% HoN 339 HoN H* o 74% CO,Me CO,H
(+ 32% 1S-isomer) N CO,H (25*,35%,48")-T1 72 73

66 67 (2R1'R,2'S)-68 [+ (25" 3R%4R")-T1]

pressant due to its competitively inhibiting the re-uptake of (2R1'S2'R)-74 (obtained in a six-step sequence of trans-
serotonin (5-HT) in the central nervous system (CNS). As formations from231, see section 2.7.4, Scheme 40) was
milnacipran has been found to act also asNamethyld- converted to the arylseleno derivativd(2 S2'R)-75, which
aspartate (NMDA) receptor antagonist, attempts have beenwas oxidized to the corresponding selenoxide, and the latter
made to improve its low affinity toward the NMDA receptor. was subsequently thermally eliminated to yieldR(RS)-2-
Among other analogues, the corresponding cyclopropylgly- (2,2-difluoro-3-methylenecyclopropyl)glycine in its protected
cine derivative (R1R2S)-68 was synthesized via the form 76 (Scheme 12, eq 1). Application of this reaction
lactone64, readily available by reaction oRJ-epichloro- sequence to the 1'S2'R)-isomer of74 afforded a mixture
hydrin (65) with deprotonated phenylacetonitrile. Treatment of the desired protected $2'S)-2-(2,2-difluoro-3-methyl-

of 64 with lithium diethylamide gave the ring-opened product enecyclopropyl)glycine76 and the bicyclic 11'-difluo-

65, which was oxidized to the aldehy@é.** Conversion of  romethanoproline derivative §354R)-77 (Scheme 12, eq
66 into the cyanohydri®7 followed by hydrolysis provided 2)52

the 4-diethylaminocarbonyl-substituted 3,4-methanophenyl-

alanine (R1'R 2 9-68 (Scheme 10). However, RI'R 29- Addition of difluorocarbene to the alker#8 yielded the

68 neither showed affinity toward the NMDA receptor nor 1-benzoyloxymethyl-1-(trimethylsilyl-3,3-difluorocyclopro-

acted as a 5-HT uptake inhibit6. pylmethyl benzyl ether9. Debenzylation and Swern oxida-
tion of the latter gave the aldehyd®, which was further

2.5. (2-Methylenecyclopropyl)glycine converted by a Strecker reaction to furnish a separable

mixture of two diastereomeric aminonitriléd. Each dia-
stereomer 081 was subjected to a fluoride-induced Peterson-
type s-elimination to yield the corresponding methylenecy-
clopropane derivative. Methanolysis of the cyano group and
final protection of the amino function furnisheld-tert-
butoxycarbonyl-protected 8,1'S¥)- and (25%,1'R*)-2-(2,2-
difluoro-3-methylenecyclopropyl)glycing? (Scheme 12, eq
3)53

(2-Methylenecyclopropyl)glycine7@) was first isolated
from lychee seedd.itchi chinensis*® and later found to also
be present in seeds @illia hippocastanumand fruits of
Acer pseudoplatanu$—6 This amino acid is known for its
strong hypoglycemic activity due to the ability of its toxic
metabolite (2-methylenecyclopropyl)formyl-CoA to block the
B-oxidation pathway of fatty acid metabolisitt*° Besides,

73 was found to exhibit antimutagenic activity spontaneous
mutations againsbalmonella typhimuriunfA 100°

Up to now, only one synthesis leading to (2-methylenecy- Scheme 12. Synthesis of 2-(2,2-Difluoro-3-methylene-
clopropyl)glycine in its racemic form has been published. It cyclopropyl)glycine®3

starts from the protectedyng-ethenylserine69, readily FF 20Mceseen  FOF NH0, T F
available by selenium oxide dert-butyl hydroperoxide HJK[H mBuP HJK[H a_A-%[H I
oxidation of the corresponding allylglycine derivative. Pal- HOg " ~COMe  ArSec” \ <~COMe o <~CO,Me
ladium-catalyzed [3,3]-sigmatropic rearrangement of the allyl N N N
acetate derived fron69 afforded the (acetoxypropenyl)- (2R1'S2R)-74 (2R1'S2R)-75 (2R,1'S)-76
glycine 70, which was cyclopropanated with diazomethane E o EoE EoE
under palladium catalysis to provide a separable mixture of H H )
(254,35,4S)-71 and (Z,3R*,4R*)-71. Removal of the H H o 3stps Ho, @
acetyl group in the (8,3S",4S)-isomer, subsequemtrtho- HO N~ COMe o N7 CO:Me N~ ~COxMe
nitrophenylselenenylation of the resulting alcohol vattho- 25 1'S 2R)T4 2515176 (14% 233‘3,S°:R —
nitrophenylselenenyl cyanide in the presence ofniri- @S.15.2R) (@S1'S)T6 (14%) (2SASARNTT (13%)
butylphosphine, and oxidative elimination of the selenide OBz - -
residue with ozone yielded the methylenecyclopropane ;g;;‘;ofg;ocho e BzQ
derivative72, final hydrolysis and deprotection of which gave Me;Si B T _ - T >cHo
?7§)in(%lehdiastelr1e§?mer of (2-methylenecyclopropyl)glycine 72 o Me;Si 7 OBn Me;Si i
cneme L1y 1) nBUNF

In addition to (2-methylenecyclopropyl)glycine itself, the F F 2HCLMeOH
preparation of the fluoro-substituted analogue 2-(2,2-difluoro- Non < B} o ®
3-methylenecyclopropyl)glycine ¢MCPG) has been de- W% Mo CN ' COMe
scribed, applying a selenoxide elimination or a difluoro- over 3steps NH, NBoc
cyclopropyl-anion promotegB-elimination of a suitable (STTSIOSTRY g (15%1'S")-82 (48%)

silyl derivative. Thus, the cyclopropylmethanol derivative (18", TR")-82 (49%)
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2.6. 3,4-Methanoproline Scheme 14. Enantioselective Syntheses of Enantiomerically

. . Pure 3,4-Methanoproline$1-63
endoe3,4-Methanoprolinegnde84)>*—sometimes wrongly Ho

. . . . Q
referred to agis-3,4-methanoproline in the literaturevas SOPh LA ot SO,Ph
isolated from seeds d@fesculus pariflora,>® from Ephedra LOTHP nBuli o

BocHN BocHN

foeminea and from Ephedra foliatd® along with, what 73% S1Hp
probably is its biogenetic precursor, (2-carboxycyclopropyl)- (R-15 88
glycine (see section 2.7), suggesting a biogenetic relationship ;; sl NEt soph M NeMe
akin to the one existing between proline and glutamic acid. 3) pTSOH-Py 2) Jones oxid, A "
The conformation of 3,4-methanoproline has been determined 86% N 55% N~ TCOH
; i Boc OH Boc

by nuclear magnetic resonance studies and X-ray crystal 89 (S)y-endo-90
structure analysis to be that of a flat b&at® 1) SOCI,

The first synthesis of the 3,4-methanoprolieesie84 and i B
exa84 was completed by cuprous chloride-catalyzed cyclo- H7A(E;r 4)BnNH, /\AV

. . . ) BnBr Br MelLi
propanation of protected 3,4-dehydrgeroline 83 with HO,C Br 86 g
diazomethane, furnishing a 1:3.5 mixtureesfde andexo 91 ’ B2 ’
84 (Scheme 13, eq PF. The separation of thende and éi?égpééio
excisomers was achieved by selective crystallization of LA)\ 3) RuOy HelOg A\
suitable derivative®’ N Ph T oo N COH @
n

Scheme 13. Syntheses of Racemic 3,4-Methanoprolf#é 93 (S)-endo-84 o,

— 1)
) CH,N, 6 steps 2)hv
S oﬂQ\cozH — E‘C(OR)

cat. CuCl o, o N 3 o
— 2) NaOH, MeOH H 50% Boc 64%
O\CO Me 3)ion exch. O\ 94 95 O><
N 2 6% CO,H copH ! 1) HCI, MeOH C(OR); = %VO
COCF, o ;XO & 2)Boc,0, DMAP &% (ABO)
83 1:3.5 endo 84 ex0-84 3) BHyTHF
1) s0CH O¢4I>‘C(OR)3 AHol Q‘COZH ®)
2 Boc H
2) PhCOCI 1) SO,Cly 32% —eXO-
PhNMe, El 2) H,S0, % ’ (Syexo-84
N~ ™0 CO,tBu
n.r. n.r. w2 .CO,Bu
NOH A H HOLCo
Ph 0 Me,SCHCO,Bu K 3 steps /

95 ——— — —
04(_>*<:(0R)3 85%

54% N
Cl + isomera(29% Boc BocHiN
KO(BU 2
CO,H COZMe
endo 84 2steps A Zsteps A\
— COMe ™~ COzH

H N /\ COMe 4, Boo 2%
99 (over 3steps) 100 (S) -endo-84

C(OR);

n. r. = yield not reported

Racemicende3,4-methanoprolineshde84) has also been
synthesized starting with a Beckmann rearrangement of 1-(dibenzylamino)methyl-2,2-dibromocyclopropa@g)(with
3-hydroxyiminobicyclo[3.1.0]hexane), initiated by thio- methyllithium generated a cyclopropylidene which underwent
nyl chloride, and subsequent benzoylation to give the bicyclic insertion into the €H-bond adjacent to the nitrogen atom
O-lactam 86. Chlorination of the latter, removal of the to give theendoeonfiguredN-benzyl-2-phenyl-3-azabicyclo-
N-benzoyl group, and Favorski-type ring contraction of the [3.1.0]hexane$3). Ruthenium tetroxide-mediated oxidative
resulting87 by treatment with potassiutert-butoxide then degradation of the phenyl group completed the synthesis of
gave racemiende3,4-methanoprolineepdoe84) (Scheme (9-ende3,4-methanoproline8d) (Scheme 14, eq 2). Ap-
13, eq 2)° plying the same sequence of transformations starting from

Several stereoselective approaches to enantiomerically pure,2-dibromo-1-methylcyclopropanecarboxylic acid provided
3,4-methanoproline84 have been developed. Thus, cyclo- (9-ende3,4-methano-4-methylprolirfé.
1,1-dialkylation of the chiral enantiopure protected amino- A stereocontrolled approach t&fende as well as §)-
hydroxypropyl phenyl sulfoneR)-15 with oxiran-2-ylmethyl exa-3,4-methanoproline8d) has been developed employing
triflate provided the cyclopropane derivati@8, the mesylate  the 3,4-didehydropyroglutamate derivati96 as an enan-
of which was subjected to a base-induced cyclization. tiopure precursor. The latter was assembled in six steps
Subsequent cleavage of the tetrahydropyranyl ether in thestarting from.-pyroglutamic acid 94), involving the instal-
resulting89, reductive removal of the sulfonyl group, and, lation of the 2,7,8-trioxabicyclo[3.2.1]octyl orthoester (ABO)

finally, Jones oxidation gave rise dr-tert-butoxycarbonyl- moiety as a protected carboxyl group, subsequent phenylse-
protected enantiomerically pureSfende3,4-methana- lenylation, and oxidative deselenylation in order to establish
proline (§-ende90 (Scheme 14, eq F}. the double bond. Cyclopropanation of the thus obtai®gd

Enantiopure 2,2-dibromo-1-cyclopropanecarboxylic acid by 1,3-dipolar cycloaddition of diazomethane followed by
(92), obtained by oxidative cleavage of the vinyl group in photochemical ring contraction led to tlieedceconfigured
1,1-dibromo-2-vinylcyclopropane and subsequent optical protected 4-oxo-3-azabicyclo[3.1.0]hexanecarboxylic acid
resolution, was converted into its acid chloride. The latter derivative96. Cleavage of the ABO group by acid-catalyzed
was reduced to the corresponding alcohol, which was methanolysis, chemoselective reduction of the lactam car-
transformed to the bromide, and this in turn was first bonyl group, and final deprotection of the amino acid
substituted with benzylamine, and then the amino group wasfunctionality furnished enantiomerically pur&4{exo3,4-
further benzylated with benzyl bromide. Treatment of methanoproline [§-exc84] (Scheme 14, eq 3). When the
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cyclopropanation of95 was carried out withtert-butyl
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Scheme 15. Syntheses of-Bubstituted 3,4-Methanoproline

dimethylsulfuranylideneacetate, a separable mixture of the Derivatives®-7

exo,ended7 and the correspondirexqgexc97 was obtained. ) N,CR, RGR
Chemoselective ring opening of the lactam9n offered Rhy(OAC),

access to thall-cis-trisubstituted cyclopropane derivative <=>\co MeM O\CO H ™
98, which, upon treatment with methanolic acid and subse- N Z Ry = (cOMe), N z

quent Barton decarboxylation, gave protectésl(2-meth- o1 RZ:”CO(ZE;_GXO ondo-402 R=H, R = COH

oxycarbonylcyclopropyl)glycin®9. Ensuing intramolecular
lactamization yielded thendeisomer of the methyl 4-oxo-

(S)-exo,ex0-102 R=CO,H, R'= H
(S)-ex0-103 R =R'=CO,H

3-azabicyclo[3.1.0]hexanecarboxyld@0, which was further PhS=CMe R
converted by chemoselective reduction of the lactam carbonyl W= or ’ 9y LiAIH,
group and final liberation of the amino acid functionality to R N L
provide ©-endo3,4-methanoproline f)-endo84] (Scheme \O_{“ 89 and 78% \O—E
14, eq 4¥2 enda3,4-Methanoprolinegnde84) has also been Ph Ph
accessed by base-catalyzed epimerization of\taeylated 104 o R R e oMo
exoisomer® R R R R z
(9-endo3,4-Methanoproline [)-ende84] in its boat A Dbt A
conformation was associated with its properties to act as a AN 3) oxidation A @)
powerful competitor for proline in, for example, the permease PN eoorarn OO
systenm® A mixture of ende and exo-3,4-methanoproline OH o
in their racemic forms and their salts have been investigated - R R e com
X . L . =H, R'=CO,Me
as potential chemical control agents in the production of COM CONH
hybrid wheats, and as thus, they have been applied for the 7oze 72
sterilization of male anthers in plants, in particular in small " H
H NH 3 steps
grain cereal§’ N T o —-
Amides of 3,4-methanoproline have been condensed with 0 oo o~ 50%
a variety of amino acids and subsequently dehydratized to 111Ph 112‘”“
furnish the corresponding methanoprolinonitrile dipeptide H H _
mimetics. Biological evaluation of the latter for the inhibition MisHN. N MISHNS AN Mts = Mesityl
of theN-terminal sequence-specific serine protease dipeptidy! HN HN
peptidase IV (DPP-1V), which plays a key role in the H 4 steps A ®
degradation of glucose-stimulated insulin secretion and as N 64  HOL" Ny
thus in the treatment of type 2 diabetes, showed that mimetics OH % Boc
having incorporated arg§(-enda3,4-methanoproline moiety 1z N 114

can act as highly potent DPP-1V inhibitors with enhanced

stabilities in solutior?? - . protectecexa(1', 1'-dimethyl-3,4-methano)prolink09 (Scheme
Besides 3,4-methanoprolin84) itself, several tsubsti- 15, eq 2)1°t Upon cyclopropanation 004 with dimeth-
tuted analogues have been synthesized. Thus, the protectegisylfonium methoxycarbonylmethylide, the tricydl@6was
(9-3,4-didehydroproline derivativi0l, prepared frontrans- obtained as a mixture @xo andendoisomers (R= CO,-
4-hydroxy-§)-proline’” was cyclopropanated with ethyl Me, R = H, structure not shown). Further conversion of
diazoacetate in the presence of dirhodium tetraacetate.exo106, in analogy to that 0105, yielded the protecteeixo
furnishing a mixture of protected-exo,endeand §-ex0,-  (1'-carboxy-3,4-methano)prolin@é10 (Scheme 15, eq 2).
endo(1'-carboxy-3,4-methano)prolines which were depro- Tripeptides ofl09as well as ofl10have been synthesized,
tected to yield the corresponding free amino aci@y ( and their conformations have been analyzed by NMR and
exo,endel02 and §)-exo,exel02 (Scheme 15, eq 1). The  molecular modeling studi€872In addition, the tricyclel 11
two diastereomers of R)-exo(1'-carboxy-3,4-methano)-  has been converted into the bicyclic arginine analoijls
proline (R)-exo,endal02 and R)-exo,exel02 were also by aminolysis to the amid&l12, subsequent reduction to the
synthesized according to the same protocol. Application of amine and cleavage of ti@N-acetal, solid-phase guanidi-
dimethyl diazomalonate instead of ethyl diazoacetate pro- py|ation of the (1-aminomethyl-3,4-methano)proline, intro-
vided access td-exo(1',1'-dicarboxy-3,4-methano)proline  quction of a mesityl (Mts) group on the guadinyl moiety,
[(9-ex0103 (Scheme 15, eq 1). All of the thus synthesized and final oxidation (Scheme 15, eq 3)Several different
methanpprollnejs, were evaluated wlth respect to their activity 1'-guanidinylmethyl-substituted 3,4-methanoproline deriva-
toward ionotropic and metabotropic glutamate receptors, buttives corresponding th14with different substituents on the
none of the four diastereomers df02 exhibited any  guanidine moiety were incorporated into two model pen-
remarkable activity. In contrast9fexa(1',1'-dicarboxy-3,4- tapeptided3
methano)proline [)-exc103 showed good neuroprotective Adopting a published procedur&-Boc-2,5-didehydro-
activity in a concentration-dependent manner when evaluatedpyrro|e was converted into racemic methyl 3,4-didehydro-
againstN-methylo-aspartate (NMDA) and kainate (KA)  prolinate (115),74 and this was converted to thert-butyl
induced toxicity in cultured cortical neurof%® ester 116 in order to protect that particular carbonyl
The unsaturated pyroglutamic acid-derived lactaod, functionality against attack of the organometallic reagent in
accessible from the corresponding saturated derivative, wasthe subsequent titanium-mediated reductive aminocyclopro-
cyclopropanated with diphenylsulfonium isopropylide to panation withN,N-dibenzylformamide. This transformation
yield the tricyclic productlO5 Reductive cleavage of the proceeded diastereoselectively, yielding the racemic protected
O,N-acetal provided 07, exchange of th&l-protecting group 3,4-(aminomethano)proline (Amg@)L7. Applying the same

and subsequent Jones oxidation of the alcohol gave the
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Scheme 16. Syntheses of Some Moré3ubstituted
3,4-Methanoproline Derivativeg®76

NBn,
HCONBn, H
— o o MeTiOPr), (1)
N 2 steps cHexMgBr
CO,tBu
N 2
Boc OMe 75% Boc OtBu 50% Boc
115 116 117
i |
o/\l)\H 4755?'/Ps ’B”MeZSiO/\H G;jggs : "
o o
NBoc ANANBC B iMe,si0 Boc
(S)-48 (R)-118 (R)-119
HCONBn, ?an ?HPG'
MeTi(OiPr);  H, A H H, ALH
cHexMgBr A 2 or 6 steps A 2)
69% N ”"""\ 80 or 32% N~ “COH
Boc OSiMe,tBu PG
(R)120 (2R,2'S,35,4S)-121

Pg = Boc, Fmoc
Pg' = Boc, Fmoc, Z

sequence of transformations to the enantiomerically faute
butyl ester (&-116 obtained fromtrans4-hydroxy+-
proline$” gave virtually enantiomerically pure 3,4-(ami-
nomethano)proline in its protected formg2117 (Scheme
16, eq 1), and the latter was incorporated into model
tripeptides containing glycine, alanine, and phenylalanine
moieties’®

Brackmann and de Meijere

Scheme 17. Syntheses of Racentians-(2-Carboxy-
cyclopropyl)glycing?-85

O 1)H,S0,
O, sens, EtZOH ¢ rCCI:AZEtSOCH
e:
: ° hy o 2) NaHSO; EtO\H 2 p
44-68% 45% 65%
CHO OFEt OFt
122 123 124
NC, 1)NH,0H HO2G
CH(OEY), 1) H,50, YOH NI 3NH,
] 2) HCI, KCN il 2) HCI il )
48Y% <L 17% <L
CO,Et ° CO,H : CO,H
125 126 trans-127
R'0,C HO,C
comt (SO e >y
< 2 + Hr LDA s 2-3 steps s @
2 0,
46-919 <L 35-48% <L
NRz Br 6-91% CO,R3 CO,H
128 129 130 trans-127
R' = Me, Et, tBu
R2 = CPhy, CHPh, CBn,, HMe
R® = Me, Et, tBu

photooxidation of 2-fururaldehydd 22 was converted into
ethyl 4,4-diethoxybut-2-enoatd Z4), which turned out to

be a suitable starting material for the preparation of ethyl
trans2-(diethoxymethyl)cyclopropanecarboxylal®®). The
latter was obtained fronl24 by cyclopropanation with
dimethylsulfoxonium methylide. Subsequent cleavage of the
acetal to the corresponding aldehyde followed by cyanohy-

An access to enantiomerically pure 3,4-(aminomethano)- yyin formation, conversion of the hydroxyl into an amino
proline (121) equipped with various protecting groups has group, and final hydrolysis furnished racemians-(2-
been developed starting from the readily available Garner 4 hoxycyclopropyl)glycinettans-127) (Scheme 17, eq Y.

aldehyde $)-48.77 Wittig alkenation of the latter, cleavage
of the O,N-dimethyl acetal, and subsequent silyl-protection
of the hydroxy function followed by-allylation afforded
the allylvinylglycinol derivative R)-118 Ring-closing cross
metathesis ofRf)-118to the 3,4-dehydroprolinol derivative
(R)-119 and subsequent titanium-mediated aminocyclopro-
panation withN,N-dibenzylformamide gave the protected
3,4-(aminomethano)prolinol derivativ&)¢120 as a single
diastereomer. The latter served as a versatile starting materi
for the introduction of various!,N'-protecting groups before
final Jones oxidation to the corresponding amino acid
(2R,2S53549-121 (Scheme 16, eq 2). In addition, the
diketopiperazine consisting of two units of protected 3,4-

(aminomethano)proline has been prepared and incorporate

into foldamers based oprAmp units’®

2.7. 3,4-Methanoglutamic Acid and Its Derivatives
2.7.1. (2-Carboxycyclopropyl)glycine

cis-(2-Carboxycyclopropyl)glycinec{s-127) was isolated
from seeds ofAesculus pariflora and was found to be a
potent inhibitor of the growth of mung bean seedlings. As
this inhibition could not be reversed by supply of either
glutamic acid or proline, it was concluded tltd¢-127 does
not interfere with the biosynthetic action of glutamic a&id.
trans(2-Carboxycyclopropyl)glycinetans127) was found
to be present iBlighia sapidaseeds along with the dipeptide
y-L-glutamylirans-2-.-(2-carboxycyclopropyl)glycing>"®
Three diastereomers of (2-carboxycyclopropyl)glycine have
been isolated fronkphedra altissimand were characterized
to be the twocis-isomers (§1'S2R)- and (B51'R,29)-(2-
carboxycyclopropyl)glycine as well as thieansisomer
(251'S,2 9)-(2-carboxycyclopropyl)glyciné

Several accesses tans127 in its racemic form have
been developed. Thus, the dihydrofuran@28obtained by

A secondtrans-diastereoselective access to (2-carboxy-
cyclopropyl)glycinel27 was realized by a so-called MIRC
(Michael-induced ring closure) sequence. Thus, the enolates
of several differently protected glycinaté28 were added
to a number of alkyl (E)-4-bromobut-2-enoatel?9to yield,
after trans-selective cyclizations, the correspondingly pro-
tectedtrans-(2-carboxycyclopropyl)glycine derivativds80

afeveral of which could be fully deprotected t@ns127

Scheme 17, eq 2§

In a variant of this MIRC-type reactiortert-butyl N-
trifluoroacetylglycinate 131) was deprotonated with lithium
bis(trimethylsilyl)amide in the presence of zinc chloride,

hereupon the chelated zing){glycinate enolatd 32 was
ormed. Subsequent trapping of the latter with metzjt (
4-(diethoxyphosphonyl)but-2-enoate as an electrophile af-

Scheme 18. Synthesis of Racemttans-(2-Carboxy-
cyclopropyl)glycine via a Chelated Zinc Enolate oft-Butyl
N-trifluoroacetylglycinate 86

LiN(SiMe3), OtBu
COqtBu ;o> _
HCOCF, CFsCON, O
131 132
Q MeO,G,
(E10)P— _00zMe }>
dr >99:<1 tBuO,C
82% NHCOCF4
trans-133
\\D*COZH
Hozcje“‘
o) B NH
HN | S o)
PN
H,N” NN
H 134
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Scheme 19. Preparation otis-(2-Carboxycyclopropyl)- HO,G Ny HO,C y
glycine Employing Organoiron Chemistry®8 NH, 5 NH,
NPhth H \
H H
JH H o nean CO,H CO,H
HBF, [> KNPhth [> 2050, L-CCG-l L-CCG-lI
- A - erythro-extended threo-extended
92% g =37 M quant ¥ H 74% (25,1'S,2'S)127 (2S,1'R2'R)-127
Fe(CO),PPh;  * "Fe(CO),PPhs Fe(CO),PPhy L-127a L-127b
135 136 137 "
1) NalO, :_CO,H CO,H
NPhth 2) Jones oxid. 1) HCI NH ,,):“" NH
HO, “H 980, PhthN H 2) propyine HoN H L_NH, | NH,
HO MeOH_ MeO,C o Ho,c H CoH H coH
“H  88% MeO,C% 75% HO,C= L-CCG-lll L-CCG-IV
HO  &n H ___H erythro-folded threo-folded
138 139 cis-127 (2S,1'S,2'R)-127 (2S,1'R,2'S)-127
L-127¢c L-127d

forded the protectedrans-(2-carboxycyclopropyl)glycine ~ Figure 4. Chemical structures and configurations 16CCG-|

derivative133with excellentransdiastereoselectivity (Scheme ~ through -IV.

18). The same produdt33was obtained when the reaction ) )

was performed using the 4-bromoERbutenoate instead of ~ Structures of the-isomers are deplcted)_. Thus,_ a stereose-

the @)-4-phosphonylbutenoate, albeit in poorer yield and lective access to eaah as well aso-configured isomer of

with lower diastereoselectivity (Scheme £8). 2-(carboxycyclopropyl)glycine-CCG -1V L-127a-d and
Compound 134 with a trans-(2-carboxylcyclopropyl)- ~ P-CCG =1V p-127a-d was indispensable and, conse-

glycine moiety attached in a peptide manner has beenquent!y, has attracted and still is attracting considerable

synthesized as a conformationally constrained analogue ofattention.

tetrahydrofolic acid-derived antitumor agents. Howet&4 The first synthesis of enantiomerically pur€CGs started
did not exhibit any significant cell growth inhibitory activity ~ With a peptide coupling and acetalization of the protected
(Scheme 18¥7 (9-vinylglycinol (§-140, offering access to the chirally

cis-(2-Carboxycyclopropyl)glycine cfs-127) has been  modified glycinamide derivativé41 Removal of thetert-
prepared employing some organoiron chemistry. Protonationbutoxycarbonyl group, subsequent transformation of the
of dicarbonyl(cyclooctatetraene)(triphenylphosphine)ifB5( a-aminoamide into the correspondingdiazoamide, and
afforded the bicyclo[5.1.0]octadienyliron tetrafluoroborate palladium-catalyzed intramolecular cyclopropanation fur-
136as a single diasteromer. Reactiori@6with potassium ~ hished the tricyclic product42 as the major diastereomer
phthalimide gave the phthalimido-substituted comp8x, in a separable mixture with a minor diastereomer. Further
from which the ligand was liberated by oxidation with ceric cleavage of th&©,N-acetal, hydrolysis of the amide, protec-
ammonium nitrate and further hydroxylated with osmium tion of the resulting amine, and Jones oxidation yielded
tetroxide to furnish the tetroll38 as a mixture of two  L-CCG-lll in its N-tert-butoxycarbonyl-protected form
unidentified diastereomers. Subsequent twofold glycol cleav- (2S1'S2'R)-143 (Scheme 20, eq £§:%
age, Jones oxidation, and esterification afforded the protected When the vinylglycinol derivative§)-140was subjected
cis-(2-carboxycyclopropyl)glycine139, which could be to an intermolecular cyclopropanation with ethyl diazoace-

deprotected to the free amino adis-127 (Scheme 1958 tate, a mixture of all four possible diastereomeric cycload-
An asymmetric variant of this methodology using an iron ducts144 was obtained, thérans-isomers of which could
complex analogous t35, but endowed with a chiraH)- be separated after removal of the silyl-protecting group and

neomenthyldiphenylphosphine instead of the triphenylphos- the cis-isomers afterd-lactonization. Subsequent Jones

phine ligand, was tested; however, the enantiomeric excess

in the final productcis-127 was only 38%4° Scheme 20. Syntheses afCCG-I through -1V Starting
L-Glutamate is the major excitatory neurotransmitter in from Protected Vinylglycinol %%t

the mammalian central nervous system (CNS), acting through H O

either ligand-gated ion channels, the ionotropic receptors \\_{1”5’OC 1) N-Boc-Gly-OSu, NEY, B°°N\/U\N>(
(subclassesN-methylp-aspartate NMDA, kainate KA, and OSiMe, By 2L MeCOMe), CSA vi\/o
a-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid (S1140 62% 141
AMPA), or G-protein coupled, metabotropic receptors _ 1) HOAG

(subclasses: group | with mGIuR 1 and 5, group Il with Vo ehane S N DN e HOC NHBoo
mGIuR 2 and 3, and group Il with mGIuR 4, 6, 7, and 8). 2 o, Ki’;‘\/o ) o Hul COQH( )
Interaction with these receptors is envisaged as a potential dr 6:1 ' 59% “H

target for the treatment of CNS disorders, such as Alzheimers 43% 142 N-Boc-L-CCGHll

or Parkinsons, for example, requiring intensive studies of (eS1S.ZR)143
the specific task of each receptor subtype. 1) NJCHCOEt 1) Jones oxid.

In view of the discovery that-glutamic acid adopts a \ NHBoc , POACk: BO:C, Neoo e
specific conformation during its neurobiological interaction \—\; — h =
with the receptors of some neurons, the conformationally OTBDMS dr1.2:3.5:1:1 OH ca. 80%
restricted form of glutamine, (2-carboxycyclopropyl)glycine, (5140 1
was considered to be a valuable tool in the study of HOG H con R con
mammalian glutamate receptors, as each of the eight possible N o] e, < .~¢,N2H2 . »:I:j;\yNsz @
L- andp-isomers mimics a specific conformation of glutamate, oM H Son H O H o Son

2 2 2 2

represented by either the extended forms CCG-I and Il or LCCG L-CCGI LGl L-CCGY
the folded forms CCG-IlIl and IV (Figure 4, only the L-127a L-127b L-127¢ L-127d
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oxidation and removal of the protecting groups of all isomers
completed an access to each diastereomer@CG-I-1V

Brackmann and de Meijere

Scheme 22. Nonstereoselective SynthesismeCCG-I
through -1V by Cyclopropanation of Protected Vinylglycine

127a-d based on a non-stereoselective method (Scheme 20With Ethyl Diazoacetate®

eq 2)90 91

An enantioselective approachiteCCG-IV starts with the
conversion of the glutamic acid half estb45 into methyl
(N-Boc-4-amino)-5-hydroxypentanoated@) by N-protection
and chemoselective reduction of the carboxylic acid function.
Lactonization followed by transformation into the,f-
unsaturated lactong47 provided a suitable material for a
palladium-catalyzed cyclopropanation with diazomethane.
The thus obtained bicyclic lactorigl8 was hydrolyzed and
further transformed by esterification, Jones oxidation, and
removal of the protecting groups to yieldCCG-IV in its
free formL-127d (Scheme 21, eq F¥.

On the other hand, silyl protection of methy-8oc-4-
amino)-5-hydroxypentanoaté46), lactamizationN-repro-
tection, and formal dehydration produced thg-unsaturated

1) MPLC sep.
'?HZ N,CHCO,Et ?HZ 2)6 N HCI, refl.
MeOzc/\% Rhy(OAc), MeO2C/'H\v,, CO,Et 3) Dowex 1X8
0 4) 4 further steps
152 85% 153 5) further separ.
HO,C HOZC
‘‘‘‘‘ O,H CO,H
NH2 + NH,
CO,H CO,H co H H Co,H
D-CCG-I D-CCG-lI D-CCG-lll D-CCG-IV

D-127a (1.8%) D-127b (3.8%) D-127¢ (1.7%)  D-127d (11%)
reprotonation, had undergone complete inversion to give the
epimerl51h Further transformations including Jones oxida-
tion and removal of the protecting groups provide@CG-I

in its free formL-127a(Scheme 21, eq 3¥.

Dirhodium tetraacetate-catalyzed cyclopropanation of the

lactam149as an adequate substrate for palladium-catalyzed protected vinylglycinel52with ethyl diazoacetate furnished

cyclopropanation with diazomethane to provide the bicyclic
lactam150. Removal of the silyl group, methanolysis of the
amide, oxidation of the hydroxymethyl group, and removal
of the protecting groups affordedCCG-IIl in its free form
L-127c(Scheme 21, eq 2¥.

Alternatively, the lactaml50 after removal of the silyl
group was reprotected as tiizN-acetonide and the latter
subjected to methanolysis to furnish the cyclopropane
derivativel51a Thea-cyclopropyl ester enolate generated
from 151a with potassium bis(trimethylsilyl)amide, upon

Scheme 21. Stereoselective Approach tcCCG-I, -ll, and
-IV Starting from L-Glutamic Acid 9293

COQMG
CO,H

1) CSA
2) Me,SiCl
LiN(SiMes),
3) Pd(OAc),
2 TdOAC,,
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3) NaBH,
S)NaBh,

83%

OH
NHBoc
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NH,
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(e} O

|

NHBoc
148

1) tBuMe,SiCl
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2) NaH {BuMe,SiO
3) Boc,O N

NEt;, DMAP
@NBOC

4) LDA, PhSeCl
149 O
H
:_CO,H
{\NHz
H

CO,H

CH,N.
A NH;

(©]
| Pd(OAc),

46%
NHBoc  dr 6:1

147

(N
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==

60% H Co,H
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L-127d

CH,N,
Pd(OAC),
TAOACk

100%

CSA

LiOH, MeOH

Jones oxid.

NaOH
CF3CO,H

66%

55%
1)
2)
3)
4)
5)
CO,H

L-CCG-lll
L-127¢

tBuMe,SiO
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o 1)CSA

2) LiOH, MeOH
NBoOC  3) Me,C(OMe),
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:_CO,Me

H BochL\
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KN(SiMeg),
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1) CF3CO,H
2) Boc,0, NEt; H
3) Jones oxid.

4) CH,N,
5) NaOH
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31%

U
tBuMe,SiO 150

MeOZQ

i -H
Lo
H BocN—{\

151b

i _H
NH2 (3)
O

L-CCG

L- 127a

a mixture of all four possible diastereomers of the protected
(2-carboxycyclopropyl)glyciné53which could be separated
into a mixture of the twccis- as well as a mixture of the
transisomers by medium-pressure liquid chromatography
(Scheme 22). Further separation into each single diastereomer
D-127a—d was successful after derivatization of the mixtures
with (R)-2-phenylglycinoP*

An enantioselective synthesis afCCG-IV was ac-
complished by cyclo-1,1-dialkylation of the enantiomerically
pure protected 2-amino-3-hydroxypropyl phenyl sulfoRe (

15 with (R)-oxiran-2-ylmethyl triflate, providing the cyclo-
propane derivative88, which was subjected to removal of
the tetrahydropyranyl group followed by reductive desulfo-
nylation and Jones oxidation to afford a mixtureNstert-
butyoxycarbonyl-protected CCG-I (2S1'S2'R)-143and the
3-aza-4-oxobicyclo[3.1.0]hexane derivatil®4, which could
easily be separated by crystallization. Hydrolysis of the
bicyclic amidel54led toN-protected -CCG-IV (2S1R,29)-
143 (Scheme 23§t

A stereoselective synthesisiofCCG-I began with théert-
butyl (E)-pentadienoatel&5), prepared from acrolein and
tert-butyl 2-triphenylphosphoranylideneacetate, which was
subjected to a Sharpless asymmetric dihydroxylation to
produce the diol56with a high enantiomeric excess. Acetal
protection of the vicinal diol, subsequent cyclopropanation

Scheme 23. Enantioselective Synthesesi6CCG-I and
L-CCG-IV Starting from an Enantiopure Protected
2-Amino-3-hydroxypropyl Phenyl Sulfonef!

HO
SO,Ph Q MWALs\ozph
aor J
OTHP ——
BocHN
73% BocHN OTHP
(R)-15 88
1) Py, pTsOH
2) Na-Hg, NaHPO, HOQ H
3) Jones oxid. l NHBoc A
80% 0P\~ ~COH
1:3 H coH Boc
N-Boc-L-CCG-I 154
(S1S2S)143 th%
COH
NHBoc
H Co,H
N-Boc-L-CCG-IV

(2S,1'R.2'S)-143
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Scheme 24. Stereoselective SynthesisiefCCG-1 Applying a
Sharpless Asymmetric Dihydroxylation as the Key Stefp

1) Me,C(OMe),
CO,fBu  pTsOH
r 2) Me,SOCH,
MCOQtBU AD-mix-3_ HO,, 3) pTsOH
155 85% ee HO 156 53%
0,
65% 1) NaNj
OH OtBuPh,Si 2 Hz PAC
H Boc,0
1)BuPh,SICI, NEt;  \ ., 3) nBu,NF
#»,]  OH  2)MsCl, NEty »,, OMs HOAc
H - /~H -
CO,tBu 84% CO,tBu 55%
157 158
HO H 1) Jones oxid.
NBoc 2 Hal NHBoc
\12 3) propylene  HO,C H
oxide g {
H—% 3 ~CO,Bu H—% 3 ~CO,H
#® 88% =

159 N-Boc-L-CCG-I

(25,1'S,2'S)-143

using dimethylsulfoxonium methylide, and reliberation of the
diol furnished the cyclopropane derivatil&7. Selective
protection of the primary hydroxy function was successful
with a sterically demanding silyl chloride. Subsequent
mesylation of the secondary hydroxy group and substitution
of the mesylate in the resulting58 by an azide group,
reduction of the latter to an amino substituent, and removal
of the silyl group provided the protected amino alcohd®.
Final Jones oxidation and hydrolysis afforded the desired
N-protected.-CCG-I (251'S,2'9-143 (Scheme 245>

An enantioselective route to all fotransisomers of (2-
carboxycyclopropyl)glycine,- as well aso-CCG-Il and -II,
started from [E)-1,3-di(2-furyl)propenonel©0), which was
synthesized from furfural and 2-acetylfuran. Treatment of

Scheme 25. Synthesis af- and b-CCG-I and -Il Employing
Enantioselective Reduction of Oxime Ethers as a Key Stép

(e}

160 Me;SO*I-, NaH
94%)| DMSO

(o]
\ /
, [FaNoHeHCI
76% | NaoH

NN
\' H,NOHsHCI
%
NaOAc
Q)VZ/% 162

1) NaH, BnBr 1) NaH, BnBr
2) BHeTHF 2) BHzeTHF

cat.* cat.”

_
163a (38%)  163b (35%) 163c(34%) 163d (37%)
91%\M OH 93 /O‘M OH 3% M OH 0%1M OH
HO,C HO,C HO,C HO,C
H MH H \H
NH ] NH NH, # NH,
H CoH H  Co.H H ctoH H coH
L-CCG-l L-CCG-Il D-CCG-l D-CCG-II

(25,1'S,2'S)-127 (2S,1'R,2R)-127 (2R, 1'S,2'S)-127 (2R 'R 2'R)-127
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the enonel60with dimethylsulfoxonium methylide yielded
the cyclopropyl ketoné61, which was selectively converted
into the E)-oxime E)-162 or the @)-oxime (£)-162
Subsequend-benzylation provide®-benzyloximes which
could be reduced enantioselectively with borane-tetrahydro-
furan in the presence of chiral oxazaborolidine catalysts
generated in situ from borane-tetrahydrofuran and different
enantiopure amino alcohols. Thus, reduction of Eedkime
(E)-162 afforded a separable mixture of the enantiopure
diastereomeric amine63aand 163h, which were further
transformed toL-CCG-l (251'S29-127 and L-CCG-ll
(2S1'R2R)-127, respectively, by ozonolysis with workup
under oxidative conditions. The analogous reaction sequence
applied to theZ)-oxime )-162gavep-CCG-l (2R, 1'S2'S)-

127 andp-CCG-Il (2R,1'R,2R)-127 (Scheme 25%°

Scheme 26. A Concise Synthesis 0fCCG-I through -llI

Applying 1,3-Dipolar Cycloadditions of Diazomethane onto
Enantiopure 3,4-Didehydroglutamate Derivative§”

tBuOZC; : HO,C :

COLBu C(OR CO,H
trans- 165 75%) L CCG |
f ;; N (25,1'S,2'S)-127
ZHN" > C(OR),
(E)-164 H CO,tBu H CO,H
’ e )
— 91%
C(OR)s = ;—e}— ZHN"C(OR), HoN" > CO,H
cis-165 (12%) L-CCGHI
(0BO) (2S,1'R2R)-127
CO,Me %, _CO,H
CO,Me 1) CHNz 1 ;
2)hy H HCI H (2)
ZHN Y C(OR);  gg9,  ZHN” “C(OR)3 gg0, HoN™ COH
(2)-40 166 L-CCG-II

(28,1'S,2R)-127

A concise synthesis afCCG-I to -1l has been developed
based on the stereochemical control of a 1,3-dipolar cy-
cloaddition of diazomethane onto enantiopw@,4-didehy-
droglutamate derivativesE}-164 and )-40, which were
prepared by stereoselective Wittig alkenation of protected
L-serine aldehyde endowed with the bulky 4-methyl-2,6,7-
trioxabicyclo[2.2.2]octyl (OBO) orthoester group. Addition
of diazomethane tdH)-164and subsequent photolysis gave
a separable mixture of thigans and cis-1,2-disubstituted
cyclopropane derivativesans-165 andcis-165, hydrolysis
of which gave rise ta-CCG-l (251'S29-127 or L-CCG-

Il (2S1'R2R)-127, respectively (Scheme 26, eq 1). In
contrast, cyclopropanation of th&){configured acrylateZ)-

40 under the same conditions yielded the cyclopropane
derivativel66as a single diastereomer which was eventually
hydrolyzed ta -CCG-Ill (2S1'S2R)-127(Scheme 26, eq 2J.

A stereoselective preparation 6iCCG | started with the
vicinal cyclodialkylation of the successively generated bis-
enolate of {-)-dimenthyl succinatel67 with bromochlo-
romethane in the presence of lithium tetramethylpiperidide
to yield (—)-dimenthyl cyclopropane-1,2-dicarboxylafcg)
with two well-defined stereogenic centéfPartial hydroly-
sis, chemoselective reduction of the thus obtained monoacid
to the primary alcohol, and reoxidation to the corresponding
aldehyde gave menthyl 2-formylcyclopropanecarboxylate
(169. Derivatization utilizing R)-o-phenylglycinol as a
chiral auxiliary followed by conversion of the resulting Schiff
base into the nitrile provided70, which was subjected to
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Scheme 27. Preparation of -CCG-I from ( —)-Dimenthyl
Succinaté®
1) NaGH

2) BHy THF
COR* 3) pMsO, NEts

H g (Cocl),
R0,C™}

75%
168

CO,R*

H e
OHC—

169

CO,R* LITMP (2 equiv.)
BICH,CI

CO,R* 38-40%
167
R CO,H

1 4 H~d,
HN, [
HO,c H

L-CCG-I
(25,1'S,2'S)-127

(R)-c-phenyl- CO,
glycinol
Me3SiCN

88%

oxidative cleavage and final hydrolysis, yieldingCCG-I
(2S1'S29-127 (Scheme 27%°

On the other hand, protecteadCCG-I was synthesized
from the readily available enantiopure Garner aldehgle (
48, which, by Wittig alkenation with (ethoxycarbonylmeth-
ylene)triphenylphosphorane, provided the ethyl 4-amino-5-
hydroxy-(ZE)-pentenoate derivativd71l The latter was
reduced to the allyl alcohol, and this in turn was protected
as the silyl ethel 72 Simmons-Smith-type cyclopropana-
tion with diiodomethane/diethylzinc and removal of the silyl
group afforded the cyclopropane derivativi®(2S2'9)-173
as the major isomer in a separable mixture with the
(2R 1'R, 2 R)-diastereomer. Hydrolysis of th®,N-acetal in
(2R,1'S2'9-173 subsequent oxidation of the two hydroxy-
methyl groups, and final esterification furnished the dimethyl
ester ofb-CCG-l in itsN-tert-butoxycarbonyl-protected form
(2R,1'S29-99-Boc (Scheme 28)° The N-tert-butoxycar-
bonyl-protected dimethyl ester afCCG-lll (2R,2S52'S)-
99 was also synthesized as an intermediate en routg)to (

Scheme 28. Synthesis of ProtectentCCG-I Employing a
Simmons-Smith-Type Cyclopropanation on a Chirally
Modified Allyl Alcohol Derivative 100

e
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Scheme 29. An Approach to.-CCG-Il and L-CCG-IV
Applying a Stereocontrolled Cyclopropanantion of the
3,4-Didehydro--pyroglutamic ABO (5-Methyl-2,7,8-

trioxabicyclo[3.2.1]Joctane) Orthoestef310%
CO,tBu HO,
H
%:(COZH
H NH,

0PN\~ ~C(OR);
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=
73%

exo,endo-174 (54%) (2S,1'R,2'S)-127
+
CO,tBu
H
H CO.H
5 steps CO.H
C(OR); 42%
Boc ° H NH;
L-CCG-lI
ex0,ex0-174 (29%) (2S,1'R,2'R)-127

Brackmann and de Meijere

enda3,4-methana-proline [(§-endoe84] (see section 2.6,
Scheme 14), which was converted into its fully deprotected
form (2R,2S52'9-127 by acid hydrolysi$3101

The cyclopropanation of the enantiopure 3,4-didehydro-
4-pyroglutamine orthoest&5 with tert-butyl dimethylsul-
furanylideneacetate provided the 3-aza-4-oxabicyclo[3.1.0]-
hexanedicarboxylic acid derivativé74 as a separable
mixture of the two diastereomersxo,endel74 and exo,-
exo174 Chemoselective ring opening of the lactaniir,
subsequent Barton decarboxylation, and final hydrolysis gave
rise toL-CCG-IV (2S1'R,29-127 starting fromexo,ende
174andL-CCG-Il (2ST'R,2R)-127from exo,exel74, repec-
tively (Scheme 29§3101

Scheme 30. Synthesis af-CCG-I by a Michael-Induced
Ring Closure (MIRC) Reaction!02

rcozR* ROG 08
LiBr 1) HCI
H CO,Et NEt q/\\“N:CPhZ 2) LiOH {\\NHZ
N Cth 2% K hom 2% H bop
2! 2!
175 176 177 94%ee | ccal
(25,1'S,2'S)127

-

A Michael-induced ring closure (MIRC) reaction of the
glycinate enolate generated from ethyl (diphenylmethylene-
amino)acetatel(76) with the enantiopure—<)-menthyl 4-bro-
mocrotonateX75) furnished the cyclopropane derivatité7
as a single diastereomer. Successive acid- and base-catalyzed
hydrolysis of the ester and Schiff-base functionalities led to
enantiomerically pure-CCG-l (251'S29-127 (Scheme
30) 102

In contrast, an analogous MIRC reaction carried out with
an (R)-camphor-derived imine ofert-butyl glycinate and
methyl (ZE)-4-bromobut-2-enoate gave a mixture of four,
only partially separable diastereomers of the corresponding
cyclopropyl! derivative %3

Different diastereomeric (2-carboxycyclopropyl)glycines
in enantiopure form have played an important role in a
variety of pharmacological investigations and studies con-
cerning the involvement of the neurotransmitteglutamate
and glutamate receptors in integrative brain functions of the
mammalian central nervous system (CNS).

Thus, submission of-CCG-I—IV to a neurobiological
assay withs-hydroxy+ -glutamate-sensitive neurons induced
a variety of depolarizing effects and indicated a conforma-
tion—activity relationship between theglutamate analogues,
as only the folded form&-CCG-Ill and L-CCG-IV were
recognized by thé&\-methyl-p-aspartate (NMDA) receptor,
and the extended conformersCCG-I andL-CCG-II were
recognized by the metabotropic receptor. The folded isomers
L-CCG-lll and 1V as well as all foun-CCG-isomers were
classified as NMDA receptor agonists, as their effects were
almost completely blocked by several NMDA receptor
antagonists whereas bothCCG-1V as well asp-CCG-ll
exhibited an about five times higher depolarizing effect than
NMDA itself.90,91,104,105

All four isomers ofb-CCG were evaluated with respect
to their affinity toward the three subclasses of ionotropic
glutamate receptors. In these stude&CG-IIl was shown
to be the most selective NMDA receptor agonist up to date,
with an affinity of almost a magnitude higher than that of
the prototypic agonist-glutamate®® This, to a certain extent,
contradicts earlier report84105

L-CCG-l was assumed to exhibit agonist activity at
metabotropic glutamate receptdfs,which, by detailed
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studies of its electrophysical action, was later proven to be Scheme 31. The First Synthesis of @1'R,2R,3R)-
true 106107 Fyrther analysis of the agonist properties at the 2-(2,3-Dicarboxycyclopropyl)glycine,
metabotropic receptor subclasses mGIUR1, mGIuR2, andt-DCG-IV 118119

MGIuR4 of all eight CCG isomers revealed tha€CCG-lI
exhibits affinities for mGluR1 and mGIuR2 receptor subtypes
only, whereasa -CCG-| showed agonist properties toward
all three of the examined receptor subtypes. Although, in
the first instance,-CCG-I was claimed to be a potent and
selective agonist for mGIluR2 with a potency of more than
an order greater than the one of glutamate it$€if; CCG-I
was subsequently proven to activate principally all mGIuR
subtypes, albeit with different potencies and an up to ten
times higher activity than that of glutamate itself. Thus,
L-CCG-Il has served as a pharmacological tool for distin-
guishing and examining metabotropic glutamate receptor
subtypeg%9-113

A significant increase in the intracellular &aion
concentration was induced hyCCG-IV, makingL-CCG-
IV a more than 100 times more potent elevator of thé"Ca
ion concentration than NMDA. AdditionallyCCG-IV was
found to exhibit morphological and biochemical neurotox-
icity.114'115

Among the fourL-isomers investigated,-CCG-Ill was
shown to be a potent competitive inhibitor of glutamate
uptake in neurons and glial cells of the mammalian central
nervous system, whereasCCG-IV exhibited only a weak
inhibition, and the extended formsCCG-I and Il were
inactive!'® In studies directed toward the characterization
of sodium-dependent-[3H]-glutamate transport in the
cerebellum and the cortex;CCG-Il was identified to be
the most potent and selective inhibitor of transport activity
in the cerebellumL-CCG-I also suppressed this activity,
albeit with lower potency than that efCCG-I1.1%7

2.7.2. (2,3-Dicarboxycyclopropyl)glycine

With the intention to improve the pharmacological proper-
ties of 2-(2-carboxycyclopropyl)glycine, the extended and
folded conformations were unified in one molecule, leading
to stereodefined 2-(2,3-dicarboxycyclopropyl)glycines. Thus,
a hybridization of.-CCG-I andL-CCG-1V is resembled by
L-DCG-1/4, later called-DCG-1V, and the hybrid of -CCG-

Il and L-CCG-lll corresponds ta-DCG-2/3 (Figure 5).

The first ever developed access tDCG-IV suffered from
the burden of requiring more than 20 steps with poor overall
yield. The Garner aldehydeR)-48 as a readily available

1) (F3CCH,,0),POCH,CO,Me

NaH, 18-crown-6
DIBAL-H, nBuLi

BocGlyOSu, NEt;
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6)

7<

(R)-48
OSiMe,tBu
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Boc
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) CH,N,

3) tBuMe,SiCl
imidazole

100%
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/OSlMeztBu 1) TFA

2) Boc,0, NEt3
3) Jones oxid.

) O S
’k 4) CH,N,
COzMe Boc

trans-184

']Tz

“SCO,H

66%
over 7 steps

COzMe CO.H
L-DCG-IV
185 (2S,12R,2’R,3'R)-178

amide furnished thex-diazoamide Z)-180, which, upon
treatment with palladium acetate, yielded teo,endes-
aza-4-oxobicyclo[3.1.0]hexane derivabeo,endel 81, albeit

in a separable mixture with the correspondirgdo,ende
product (ratio 3.3:1). Cleavage of th@,N-acetal inexo,-
endal81, hydrolysis of the lactam, and protection of the
thus liberated amino and hydroxy functionalities afforded
the cyclopropane derivativel82'® which was further
transformed into the acetonidés-184 via the lactonel83
The methyl cyclopropanemonocarboxylais-184 with its
O,N-acetal moiety could be epimerized at C-@nder
catalysis of potassium bis(trimethylsilyllamide. Simultaneous
removal of theO,N-acetonide as well as the silyl group

enantiopure starting material was subjected to a stereoelectiveensued, and subsequent Jones oxidation of the two hy-

Wittig alkenation with methyl [bis(trifluoroethoxy)phospho-
ryllacetate, to yield the corresponding{alkene. Subsequent
reduction of the methoxycarbonyl to a hydroxymethyl
functionality, cleavage of th®,N-acetal, peptide coupling
with N-Boc-protected glycine, reintroduction of the acetonide
moiety, and silyl protection of the allyl alcohol functionality
afforded the intermediateZ)-179 with a (2)-configured
double bond. Chemoselective removal of Nweert-butoxy-
carbonyl group and diazotation of the resultingamino-

T\Hz "IJ\Hz
HOwC., ooy o0 koo
COLH CoH
L-CCG-I+IV = L-CCG II1+ll =
L-DCG-1/4 L-DCG-2/3

(2S,1'R,2’R,3'R)-178 (28,1'S,2'S,3'S)-178

Figure 5. Chemical structures and configurations of the hybrids
L-DCG-1/4 (-DCG-IV) andL-DCG-2/3.

droxymethyl groups was accompanied by formation of the
corresponding-lactam, which was isolated as the dimethyl
esterl85 Hydrolytic opening of the lactam moiety followed
by stepwise removal of the protecting groups completed the
first access toL-DCG-IV in its fully unprotected form
(2S1TR2R,3R)-178 (Scheme 31)%°

When the Garner aldehydd&)f48 was submitted to a
Wittig reaction using methyl [bis(2,2,2-trifluoroethoxy)-
phosphoryllacetate, theE)-alkene corresponding to the
precursor to Z)-179 was obtained and could be further
transformed analogously to the intermediat®-179 to
provide access to the-diazoamide [)-180. Palladium
acetate-catalyzed intramolecular cyclopropanatiofepfl80
gave theendgexo3-aza-4-oxobicyclo[3.1.0]hexane deriva-
tive endgexo181 in a separable mixture with the corre-
spondingexaexaisomer. Subsequent removal of the pro-
tecting groups and hydrolysis of the lactam afforded the
corresponding cyclopropanemonocarboxylic acid, which was
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Scheme 32. The First Synthesis of 1'S,2'S,39)-2-
(2,3-Dicarboxycyclopropyl)glycing18.119

an amino group, and the product was isolated iNittert-
butoxycarbonyl-protected formi93 Removal of the silyl

H O o
1) MeSiOTf N
BOCN\/lLNA( 2,6-lutidine 2\\/U\N>(
O 2)NaNO,, H* /O Pd(OAc),
33%

,,,,,,,,,,,,,

tBuMezslo\) (E)-179 fBUMeZSIO\) (E)-180 over 3 steps

(+ 10% isomer)
1) ACOH

protecting group, Jones oxidation, and final hydrolysis gave
rise toL-DCG-IV (2S1'R2R,3R)-178 (Scheme 33)20.121

A comparably short synthesis afDCG-IV has been
accomplished starting from enantiopure Feist's ddd.'??
Bromination 0f194 and reaction of the resulting dibromide
195 with water gave the bromolactori96. Transesterifi-
cation of the lactone moiety ib96with methanol under acid
catalysis led to the alcohdl97. Oxidation of the latter to

(e} ;( 2) Ba(OH), CO,Me
H. N 3) Boc,0, NEt;
O 4)CH,N, )
| OH

HH % NHB
fBuMe,SIO  endo,exo-181 186 0C

1) Jones CO,Me CO,H

the corresponding-bromoaldehyde and subsequent reduc-
tive dehalogenation furnished dimethyl 3-formylcyclopro-
panetrans-1,2-dicarboxylate98), which was submitted to

oxid. 1) LiOH R . . . .
2) CHN, &/co Me 2 CFsC0zH &/ a diastereoselective Strecker synthesis involving the con-
—_— - Me — - COzH . . . .
00% ~ MeOXC 100% HOL densation 0f198 with (R)-a-phenylglycinol to induce the
NHBoc NH : :
187 (25.1'5,2'5,3'51178 (9-configuration at the thus newly formed stereocenter.

However, a mixture of four aminonitriles was obtained, from

isolated as the methyl ester in id-tertbutoxycarbonyl- ~ Which the isomer199 was separated and subjected to
protected form186118 Subsequent Jones oxidation and oxidative cl_ea_vage as well as subsequent hydrolysis to yield
esterification furnished 87, which, upon hydrolysis, gave ~L-DCG-IV in its free form (51'R2R3R)-178 (Scheme
rise to the (51'S2 S39-isomer of 2-(2,3-dicarboxycyclo- 34).12
propyl)glycine178 (Scheme 32)1°

The preparation af-DCG-IV has also been accomplished Scheme 34. Preparation of -DCG-IV Starting from Feist's
by applying a stereocontrolled cyclopropanation of an enone Acid??

derived from §)-glyceraldehyde acetonide. Toward that end, HOLG HOLC %0

a mixture of the E)- and @)-isomers of the enon&89was < B ELO % Br  H,0, refl A
prepar_ed by a 'Wittig aIkenatiqn ofS)(—egceraIdehyde J/E 64% P(E; 61% J><Br
acetonide 188 with 1-phenyl-2-(trimethylphosphoranylide- HOLC o4 HOLC o5 HO.C oo
ne)ethanone. Cyclopropanation of this mixture with ethyl

(dimethylsulfuranylidene)acetate produced the cyclopropane- MeOH  MeO,C, 1Pce MeO,C,
carboxylatel90 as a single diastereomer. To avoid lacton- HS0,_ ] OH  2)Zn HOAc ™S—cHO
ization at a later stage, the ester group 180 was % heod B1%  Meo,C
transformed into an amide by hydrolysis and condensation 197 198
with diethylamine. After replacement of the acetonide on ) (Rrcshenys. MEOZC<__.COMe

the vicinal diol by two acetyl groups, the phenyl ketone could alycinol W 1 Ph(oAey, HOC, H,
be transformed to a phenyl ester by Baey¥illiger oxida- 2)Me;SiCN _ PN 2H8 0 Do .

tion to yield 191 Hydrolysis of the acetoxy groups as well 26% NC™ “NH 58% 40, CO.H
as the phenyl ester, reaction with iodomethane, and protection ("3 oxer “Ph LDCGAV

of the primary hydroxy function as a silyl ether afforded the 199 HO (2S1'R2R3IR)}178

trisubstituted cyclopropane derivatil®2 This secondary

alcohol was subjected to a Mitsunobu reaction to introduce | .pCG-IV has also been prepared by applying a highly
an azide functionality, which was subsequently reduced to stereocontrolled conjugate 1,4-addition of the carbenoid,
generated by deprotonation of thig){chloroallylphospho-
namide201with n-butyllithium, ontotert-butyl (E,E)-hexa-
2,4-dienoateZ00) to yield the cyclopropane derivatiz92

Scheme 33. Synthesis af-DCG-IV by Cyclopropanation of
an Enone Derived from (§)-Glyceraldehyde Acetonid@20-12%

oyo OYO Me,SCH,CO,Et as a single diastereomer. Regioselective ozonolysis dE)its (
}/  Ehoceh=PPh,_ _)_/ Br.DBU propenyl side chain with reductive workup led to the
OHC 98% o={_ 80% corresponding cyclopropylcarbinol, which was protected as
188 b, 189 its silyl ether203 A second ozonolysis of the phospho-
rylethenyl moiety with oxidative workup produced the
1) NaOH X i ) X N
Fo DR e GONER, corresponding acid, which was isolated as its methyl ester
Ph % Oy YNON o A OAc 204 Removal of the silyl protecting group led to cyclization
5 E >< %— 2 [ to the corresponding lactone, which was subjected to ring
190 0 48% 191 Sone opening with Weinreb’s reagent to provide a hydroxymethyl-
;; s MO CONE, 1) DEAD PPhs substituted cyclopropanecarboxylic acid morpholinide. The
3) BBuMe,SiCI A 2) Hy, PAIC latter was oxidized under Swern conditions to the aldehyde
et Meozc/A """,EOH _Boo0 205 A diastereoselective Strecker synthesis v@i@isin the
65% 63% presence ofR)-a-phenylglycinol gave the aminonitri206,

192 ~OfBuMe,Si

CONEt
2 1) nBu,NF, HOAG ?OzH

2) Jones oxid.
A NHBoc 3)HCI

MeO,C E L= BN A,,,,,,T/NH2

0,
OtBuMe,Si 46% CO,H
L-DCG-IV

193 (2S,1'R,2’R,3'R)-178

which was submitted to oxidative cleavage and subsequent
hydrolysis to yield-DCG-IV (251'R,2R,3R)-178(Scheme
35). This synthesis was claimed to be applicable for the
preparation of -DCG-IV on a large scal&*

SinceL-DCG-IV unifies the structural features pfCCG-I
and -1V (see section 2.7.1), it was expected to act as a mixed
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Scheme 35. A Large Scale Preparation af-DCG-IV 124
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L-DCG-IV
(2S,1'R2'R,3'R)-178

206
agonist for both the metabotropic and tiNemethylo-
aspartate (NMDA) receptor. Indeed, the first electrophysio-
logical experiments with-DCG-1V revealed a depolarizing
effect due to activation of the NMDA receptor, albeit higher
than the one of glutamate but lower than the one of NMDA
itself. Additionally, L-DCG-IV depressed monosynaptic
excitation, leading to expectations of metabotropic agonist

effects of about ten times higher potency than the one of

L-CCG-111°125This suggestion was supported by the dra-

matic enhancement of quisqualate-stimulated phosphoinosi-

tite hydrolysis!?6:127
L-DCG-IV was found to activate metabotropic glutamate

Chemical Reviews, 2007, Vol. 107, No. 11 4553

The capability of.-DCG-IV to act as an NMDA receptor
agonist was further investigated in detail. As the activation
of the NMDA receptor required a certain concentration of
L-DCG-IV, it was concluded that-DCG-IV can be applied
for the study of metabotropic glutamate receptors only as
the concentration is kept below the one activating NMDA
receptors?3

Upon examination of its neurotoxicity,-DCG-IV was
found to cause repetitive seizure and selective neuronal
damage, possibly due to the synergistic activation of mGlu
receptors and NMDA receptot$t L-DCG-IV turned out to
be one of the most potent antagonists at group Il mGlu
receptors, consisting of the mGIuR4, -6, -7, and -8 subre-
ceptors, known so far'®

2.7.3. [2-Carboxy-3-(methoxymethyl)cyclopropyliglycine
and [2-Carboxy-3-(hydroxymethyl)cyclopropyl]glycine

In order to gain further insights into the structuhactivity
relationship of glutamate receptors, a synthetic access to the
ether derivative of 2-(2,3-dicarboxycyclopropyl)glycine DCG
(178 (see section 2.7.2), in the form of 2-[2-carboxy-3-
(methoxymethyl)cyclopropyl]glycine MCG, has been exam-
ined. For the preparation of tlés- as well agrans-isomers
of MCG, the 4,6-bis(hydroxymethyl)-3-azabicyclo[3.1.0]-
hexane-2-one in its protected fort81a available from the
Garner aldehydeR)-48 via the @)-alkene ©)-179 (see
section 2.7.2, Scheme 31), served as a suitable starting
material*'® cisMCG-IIl (25152 S3R)-208 was prepared
from the tricycle18laby removal of the silyl group and
O-methylation of the free hydroxy group, followed by
cleavage of the acetonide, hydrolysis of the lactam, and
protection of the amino function as thert-butoxycarbonyl
derivative208 Jones oxidation of the carbinol functionality
in 208and deprotection of the amino group leccie MCG-
' (2S51'S2S3R)-207(Scheme 36). If instead the acetonide
in the tricyclel8lawas cleaved first, silyl protection of the

(mGlu) receptors negatively coupled to adenylate cyclase, yqroxy group and\-tert-butoxycarbony! protection of the
classified as group Il and Ill receptors, and thus acted asins liberated amino group followed by hydrolysis of the

one of the most potent inhibitors of forskolin-stimulated
cyclic adenosine monophosphate formafiiCloser studies
revealed -DCG-IV to be a potent and selective agonist for
group Il mGlu receptors only, consisting of the mGIuR2 and
the mGIuR3 subclassé¥:1?°

In analogy to 2-(carboxycyclopropyl)glycine (see section
2.7.1),L.-DCG-IV turned out to be a tool of enormous value
in the exploration of metabotropic glutamate receptors,
leading for example to the discovery that the sensitivity of
mGlu receptor agonists was decreasing in due cddfse.
Thus,L.-DCG-IV was applied to investigate the role of mGlu
receptors in the olfactory systef#;*3'recovery from hal-
othane anestheslt&, the regulation of CA1 pyramidal cell
excitability'*3 mGlu receptor modulation of voltage-gated
C&" channels?* and the role of mGlu subreceptors in
motoric behaviotf3®

L-DCG-1V was shown to exhibit a protective effect against
excitoxic neuronal death induced by exposure to NMDA,

lactam provided access to the cyclopropane derivdi84a
Reduction of the methoxycarbonyl group it84a and
methylation of the resulting carbinol as well as cleavage of
both silyl ethers and Jones oxidation of the resulting diol
gave the corresponding diacid, which was isolated as its
dimethyl ester. A three-step hydrolysis completed the
transformation ofl84ainto cisMCG-IV (2S1R2R,3'S)-
207 (Scheme 36)!8.146

Access to other isomers of MCG was gained by conversion
of the tricyclel81lainto the lactonel83 (see section 2.7.2,
Scheme 31), which served as a versatile building block for
further transformation&® Hydrolysis of its lactone moiety
followed by esterification of the thus obtained acid func-
tionality and oxidation of the carbinol to the corresponding
aldehyde was accomplished. Subsequent epimerization of this
stereogenic center, re-reduction to the alcohol, and final
methylation yielded the cyclopropane derivatR@9. Reduc-
tion of the methoxycarbonyl moiety of the latter to a carbinol,

suggesting a corresponding neuroprotective role for mGluR2 subsequent reoxidation to the corresponding aldehyde, and

or mGIluRS3 receptors and the possible application-BDICG-
IV for the therapy of neurodegenerative disordgfs!4?

epimerization at the neighboring stereogenic center furnished
a cyclopropane derivative which was further oxidized and

L-CCG-IV also revealed neuroprotective properties against converted by an additional three steps ittansMCG-I

intraventricular kainate. In this context;DCG-IV was
shown to act as an anticonvulsive ag&ttand this feature

(2S1'S2R,39-207 (Scheme 363146 Alternatively, the
cyclopropane derivative09 was submitted to cleavage of

was later investigated in detail, establishing the remarkable the O,N-acetonide and hydrolysis of the ester. Subsequent

potency oft-DCG-IV in controlling seizure activity by its
modulatory action on neuronal glutamate rele43e.

Jones oxidation and liberation of the amino group afforded
transMCG-IIl (251'S2S39-207 (Scheme 36)46
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Scheme 36. Preparation of Enantiomerically Pure 2-[2-Carboxy-3-(methoxymethyl)cyclopropyl]glycirfé118.146

HOCW/\
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BocN7§
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HO,C 2 Meo,c |3¢;ck Boc Hz
trans-MCG | 209 183 c:s -MCG-|
(28,1'S,2'R,3'S)-207 (2S,1'S,2'R,3'R)-207
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Meo—\> COzH HOZC COzH
HO,C %HZ Me0)> %Hz
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(25,1'S,2'S,3'S)-207 (2S,1'R,2'R,3'R)-207

When the lactone ir183 was hydrolyzed, the resulting hydrogen bond donor as well as an acceptohy@iroxy-
acid functionality was subsequently esterified, and the methyl-substituted 2-(2-carboxycyclopropyl)glycine was syn-
hydroxy group was protected as a silyl ether, the stereo- thesized. In view of the interesting pharmacological proper-
genic center bearing the ester substituent could successfullyties of cisMCG-1,4” the analogous @1'S 2 R,3 R)-isomer
be epimerized to provide the cyclopropane derivafi@db was envisaged. The chosen starting material, the |2dth!
(see section 2.7.2, Scheme 31). Removal of the silyl- was available from furan-2(5-one @10 by cyclopropa-
protecting group in184b and methylation of the thus nation with ethyl (dimethylsulfuranylidene)acetate and sub-
liberated hydroxy group afforded a compound which was sequent chemoselective reduction of the thus obtained
further transformed, in an additional six steps involving Jones bicyclic lactone. The lact®11was also accessible in a better
oxidation and removal of the protecting groups, imis- yield by the rhodium-catalyzed, diastereoselective cyclopro-
MCG-I (2S1'S2R,3'R)-207 (Scheme 3633146 Additionally, panation ofcis-4,7-dihydro-1,3-dioxepin12) with ethyl
the methyl ester functionality in the cyclopropane derivative diazoacetate, subsequent cleavage of the bicyclic a2&sal
184bwas reduced to the corresponding carbinol, which was and mild oxidation of the diol with manganese dioxide. As
subsequently methylated. Removal of the silyl-protecting the further transformation oR11 by Strecker reaction
group, oxidation of the liberated carbinol to the acid, isolated proceeded with low diastereoselectivity for the nondesired
as the methyl ester, and a further four-step transformation diastereomer only, a BuchereBerg reaction was employed
consisting of the removal of all protecting groups and Jones in order to introduce the amino group, and this yielded the
oxidation led taransMCG-IV (2S1R,2R,3R)-207 (Scheme hydantoin215as a mixture of two diastereomers. Hydrolysis
36)146

Upon pharmacological evaluation of the prepared 2-[2- Scheme 37. Synthesis of Racemic 2-(2-Carboxy-

carboxy-3-(methoxymethyl)cyclopropyl]glycingsansMCG- 3-hydroxymethylcyclopropyl)glycinet>®

IV was found to activate the kainate (KA) receptor with a R CO,Et

depolarizing effect as potent as the one of kainic acid itself. D HeSCHCOE { H

In contrastcisMCG-1V exhibited agonist properties toward /A/=> 2) DIBALH, THF

the N-methylp-aspartate (NMDA) receptor with half of the 0™ 18% MO0

activity of L-CCG-IV. Both, cis- and transMCG-I turned 210 m

out to be potent agonists of metabotropic glutamate receptors, Mn02183%

with no activity toward ionotropic glutamate receptors, GOE CO.Et

whereas the potency tfansMCG-1 was about two times N,CHCO.Et H H z

higher than the one afisMCG-I and equal to the one of (T B KL B

L-CCG-|118146-148 trans MCG-Il was found to inhibit the 00 oo &% Lok

L-[®H]-glutamate transport selectively in the cerebelltm. 212 213 2steps 214
Characterization of ‘@enzyloxymethyl-substituted 2-(2- COH 1) NaoH CO,Et

carboxycyclopropyl)glycine derivatives analogoudrems ;; oo 2) HCI, EtOH

MCG-IV revealed a similar pharmacological profile, albeit tHacos IR Yo A~

generally of lower potenci? 21 Tw12a o \y oH 600/3 EtO,C g osOH
With the intention to investigate a potential glutamate o HN~—( over 5 steps H

receptor ligand having the possibility of acting as both a O 215 (¥)-216
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of this mixture, subsequent esterification, axgbrotection Scheme 39. Synthesis of R1'R,2R)-2-(2-Carboxy-3,3-
provided racemidN-Boc-2-(2-carboxy-3-hydroxymethylcy-  difluorocyclopropyl)glycine b-F.CCG-I*5t

clopropyl)glycine 216) as a separable mixture of two on LA
diastereomers (Scheme 37), the major of which was the ‘i\\ R e Ron ‘i\\ 2 ¢ “ire
(2*S1'$,2'R*,3'R¥)-isomer. The latter was successfully o N —F— o N)HL N=CPha_
resolved by HPLC on a chiral column, before the protecting \/anPPha Bn “CFBr Sk 0
groups were removed finalfp? 224 225
FOF 1 Bion FF
) . ) THOPN.
Scheme 38. Enantioselective Synthesis 0of§2'S,2'R,3'R)-2- o) X H 2) H'i Ldr,)c HO,C— N\ H
(2-Carboxy-3-hydroxymethylcyclopropyl)glycinet>© e R 89%
o #~CO,Et ° H ~co,H
<o> 1) Bn Ny 2 HoN 2
OH " naok ° ~0Bn CPhy D-F,CCG-
oo o | 226 (2RA'R2R)-227
| 2 H H 1) LiOH

Rh-cat* 2) CHoN,
—_— =22,

2.7.4. (2-Carboxy-3,3-difluorocyclopropyl)glycine

PACNHCGH,SO,N;
| NEt, >
3) LioH
0, o o (0] o, . .
Ok TO% 0B 505 se 81% [3 4-(Difluoromethano)glutamic Acid]
217 218 219

Substitution of the two hydrogen atoms at tHep8sition

COMe !V BMESCL ey ;;(T:)A: NMO CO,Me in 2-(carboxycyclopropyl)glycine by fluorine was expected
H imidazole -phenyl- . . .. . .
A 2) KN(SiMes), A dyeor A to influence the pharmacological activity by further restricting
P B MBUNF o, 3)MegSICN NC o the possible conformations of the molecule and increasing
HO OBn 62% HO OBn 77% . NH  OBn the C,H-acidity at the cyclopropyl group. In order to be able
cis-220 trans-220 Prh 221 to study the properties of 2-(2-carboxy-3,3-difluorocyclo-
1) Hy, PAIC propyl)glycine (RCCG), stereoselective approaches to F
1) Pb(OAc), 2) LiOH
2)HClin E&)H CO4E 3) HCI COH CCG_ Were deve'IOped' . .
3) Boc,0 4) propylene Wittig alkenation of the ethyl hemiacetal of bromodifluo-
NaHCO;  EtO,C 5, oxide HO,C ", . T
—_— i N — i g roacetaldehyde with the phosphorét# gave the oxazili-
0, 0, . . .
" 20,5 i/;omer) NHBoc OBn 68% NH, ~ OH dinone-protectedH)-4-bromo-4,4-difluorobut-2-enamid25
° 222 (2S,1'S,2R,3'R)-223

Submission of this Michael acceptor endowed with a chiral
auxiliary to a MIRC reaction with the enolate of ethyl
A reported enantioselective approach t8,(252'R 3 R)- (diphenylmethyleneamino)acetate7¢) afforded thegem
2-(2-carboxy-3-hydroxymethylcyclopropyl)glycin22d started difluorocyclopropane derivativ@26 virtually as a single
with the preparation ois-4-benzyloxy-2-butenyl diazoac- diastereomer. Titanium tetraisopropoxide-catalyzed trans-
etate 18 obtained frontis-4-benzyloxy-2-buten-1-oR(17) formation of the carbamate and the ethyl ester moieR2é
and diketene. Intramolecular cyclopropanatior2d8in the to the corresponding dibenzyl ester and subsequent hydro-
presence of a chirally derivatized rhodium catalyst afforded genolysis completed the synthesispeF,CCG-l in its fully
virtually enantiomerically pure bicyclic lacton219 Sub-  deprotected form ® 1'R2'R)-227 (Scheme 39}
sequent hydrolysis and esterification led to #fiecis-1,2,3- Starting from the )- or the @)-isomer of the trisprotected
trisubstituted cyclopropane derivativids-220, a suitable pent-3-ene-1,2,5-trid?28 accessible by stereoselective Wit-
compound for epimerization adjacent to the methoxycarbonyl tig alkenation of R)-2,3-O-isopropylideneglyceraldehyde as
moiety after silyl protection of the hydroxy group. In the the chiral precursor, all eight stereoisomers s€EG were
thus obtained epimetrans220, the hydroxymethyl was  made available.

oxidized to an aldehyde group, and the aldehyde was pifluorocarbene addition toE)-228 afforded a readily
subjected to an enantioselective Strecker synthesis employingseparable mixture of the diastereomeric difluorocyclopro-
(R)-(—)-a-phenylglycinol as the chiral inducing agent. panes (81'529-229and (5 1'R 2R)-229(Scheme 40, eq
Oxidative cleavage of the resulting2l, hydrolysis, and 1) The isomer (31'S2S-229 was further converted by
N-protection gaveN-Boc-2-(2-carboxy-3-hydroxymethylcy-  cleavage of the acetonide and silyl protection of the primary
Clopropyl)egCIne 222 in protected fOI’m, and this was hydroxy group to the Cyc|opropane derivativé’(QS’Z'S)_
converted in an additional four steps to the free amino acid 23q By a Mitsunobu reaction, the latter was transformed to
(2S1'S2R3R)-223 (Scheme 38)>° the azide231, which was subsequently reduced to the
Racemic as well as enantiomerically pure 2-(2-carboxy- corresponding amine followed By-protection and cleavage
3-hydroxymethylcyclopropyl)glycine were evaluated with of the silyl ether. As a single step oxidation of the dialcohol
respect to their properties as metabotropic glutamate receptoprepared by debenzylation 882 failed, the oxidation was
ligands. Whereas the R21'R,2' S3'S)-isomer [(—)-isomer] performed in two steps, the first one on the monoprotected
turned out to be inactive, the $A'S2' R, 3 R)-isomer [(+)- alcohol232with intermediate esterification of the monoacid,
isomer] exhibited agonist-like affinity toward metabotropic debenzylation, oxidation, and esterification again to finally
group Il receptors mGIluR2 and -3 with a 90-fold higher afford the desired amino diacid as its dimethyl es288
potency than that of-CCG-I, and toward metabotropic group Complete deprotection &#33 succeeded by titanium tetra-
Il receptors mGIuR6 and -8 with a 40-fold higher potency benzyloxide-catalyzed transesterification, subsequent hydro-
thanL-CCG-I, suggesting that the presence of the hydroxy- genolysis of the dibenzyl ester, and final treatment with acid,
methyl group significantly enhances the population of the furnishingp-F,CCG-Il (2R,1'S2 S5)-227 (Scheme 40, eq 2).
active conformation. As such;+)-223was the most potent ~ When the cyclopropane derivative§2'S2'S)-230was first
cyclopropylglycine known so far for mGIuR2, -3, -6, and -8 subjected to a Mitsunobu reaction with hydroxide as the
receptors, and it has been shown to be orally active in modelsnucleophile, the diastereomeiR2’'S2'S)-230with inverted
for anxiety and psychosi§® configuration at C-2was obtained, and it was subsequently
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Scheme 40. Synthesis af- and L-F,CCG-I and -Il 152
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transformed inta.-F,CCG-Il (251'S29-227 (Scheme 40,

Brackmann and de Meijere

Scheme 41. Synthesis of All Four Diastereomers of Racemic
2-(Morpholin-4-ylcarbonyl)-3-phenylcyclopropanecarbox-
aldehyde as Precursors to All Sixteen Stereoisomeric
2-(2-Carboxy-3-phenylcyclopropyl)glycines (See Scheme

42)54
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O o
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methylaluminum (Weinreb’s reagent) gave the 2-morpholi-

nocarbonylcyclopropylmethanol)-236a which could be

eq 3), applying the same reaction sequence as descnbedPX'd'ZGd to the aldehydeH)-237a Base-induced epimer-

Analogous procedures, but utilizing the J2R,2'R)-
isomer of the cyclopropane derivati?29, offered access
to L-F,CCG-Il (251'R2R)-227andp-F,CCG-l (R 1R 2R)-

227 (not shown).

Application of the same transformations as carried out with
the E)-isomer of the protected triolH)-228 toward the
syntheses ob- andL-F,CCG-I and -IlI to the Z)-isomer of
228 stereoselectively led to- and L-F,CCG-IIl and -1V,
albeit via a bicyclics-lactam intermediaté?

Pharmacological evaluation of the eight stereocisomers of
F,CCG revealed that their properties corresponded in the
broadest sense to the ones of CCG (see section 2.7.1). It
noteworthy that the potency of F,CCG-I to activate group
Il metabotropic glutamine receptors is about three times
higher than that of-CCG-I. The most distinctive pharma-
cological change achieved by the introduction of two
fluorines was that-F,CCG-III did not exhibit the inhibitory
action of L-CCG-Ill upon Na&-dependent glutamate up-
takeel.52,153

2.7.5. (2-Carboxy-3-phenylcyclopropyl)glycine

All 16 stereoisomers of 2-(2-carboxy-3-phenylcyclopro-
pyl)glycine have been synthesized from the four diastereo-
mers of racemic 2-(morpholin-4-ylcarbonyl)-3-phenylcyclo-
propanecarbaldehyde237). A copper(ll)-induced intra-
molecular cyclopropanation of either thE){ or the @)-
isomer of the phenylallyl diazoacetat@3d) led to the
bicyclic lactonesende235andexa235 respectively. Treat-
ment of theendolactone 235 with morpholine and tri-

ization of (#)-237a offered access to the diastereomeric
aldehyde £)-237d Alternatively, the morpholinocarbonyl-
substituted cyclopropylmethanatk}-236awas selectively

epimerized adjacent to the morpholinocarbonyl moiety to

yield (£)-236¢ which was oxidized to the aldehy@37c
Treatment of theexaconfigured bicyclic lactonexce235

with Weinreb's reagent led to the corresponding cyclopro-

pylmethanol £)-236hb, which was oxidized to the aldehyde
(£)-237b (Scheme 41). Having all four diastereomers of

racemic 2-(morpholin-4-ylcarbonyl)-3-phenylcyclopropane-

carboxaldehyde {£)-237] in hand, each of them was

subjected to a diastereoselective Strecker reaction involving

€the condensation of the aldehyde with eithigy-(or (§-a-

ﬁ)henylglycmol Nucleophilic addition of cyanide to each of
the thus obtained Schiff bases afforded a separable mixture

of diastereomeric aminonitriled38aand238bor 238cand

238d, respectively. Oxidative cleavage of the latter and final
hydrolysis provided access to all 16 sterecisomers of 2-(2-

carboxy-3-phenylcyclopropyl)glycin@89 (Scheme 42, only
the conversion of the aldehyd¢)-237ato PCCG-1 through
-4 is depicted, whereas the identical transformationst)f (
237bto PCCG-5 through -8 4)-237cto PCCG-9 through
-12, and {)-237dto PCCG-13 through -16 are not showff).

In addition to the described enantiodivergent approach to
all stereocisomers of PCCG starting from the corresponding
racemic aldehydes, asymmetric syntheses of PCCG-4

(2S51'S2S3R)-239 as well as PCCG-13 RI'S2R 3 Y-
239 have been developed. Thus, PCCG-8 {52 S3R)-
239was obtained by intramolecular cyclopropanation®)f (
3-phenylprop-2-enyl diazoacetat&){234 in the presence
of a chiral rhodium catalyst, furnishing the bicyclic lactone
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Scheme 42. Conversion of Racemic 2-(Morpholin-
4-ylcarbonyl)-3-phenylcyclopropanecarboxaldehydes into
Enantiopure 2-(2-Carboxy-3-phenylcyclopropyl)glycine®*
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0 5 H o 73y
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NC ) Ph PCCG-4
238d HO (28,1'$,2'S,3'R)-239

endo235in high enantiomeric purity. Employing the same

sequence of transformations as described above (see Schemes
41 and 42), namely lactone opening to the corresponding

morpholinocarbonyl-substituted cyclopropylmethanol follow-
ed by epimerization to the cyclopropane derivativgé 23 3R)-
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separable mixture of the correspondifg-(and ¢)-styrene
derivative 49. Rhodium-catalyzed cyclopropanation of the
(E)-isomer §,B-49 with ethyl diazoacetate provided the cy-
clopropane derivativeé40as a single diastereomer. Removal
of the acetal moiety i240followed by Jones oxidation and
hydrolysis gave rise to PCCG-13RA'S2R,39-239(Scheme
43, eq 2)L56

The pharmacological characterization of all 16 stereoiso-
mers of 2-(2-carboxy-3-phenylcyclopropyl)glycine showed
that this “stereolibrary” is endowed with a peculiar pharma-
cological profile: PCCG-2 and PCCG-3 exhibited mention-
able agonist properties at the kainate receptor, whereas
PCCG-9 and PCCG-11 weakly interacted with thenethyl-
pD-aspartate receptor. PCCG-5, -10, and -12 inhibited the
Ca&"-dependent glutamate transport systémPCCG-13
turned out to be the first potent and selective competitive
antagonist for metabotropic glutamate receptors coupled to
the activity of phospholipase D (PLD) activatiém.t>”
Intensive examination of the interaction of PCCG-4 with
metabotropic glutamate receptors revealed that PCCG-4
exhibited a remarkably high antagonist activity at mGIluR2
without significant effects at other receptors, making it the
most potent and selective mGIluR2 antagonist reported until
then1>4158As thus, PCCG-4 reduced neuroprotection caused
by L-CCG-Il andL-DCG-IV.1*°PCCG-4 created a significant
increase of glutamate output in striatal dialysate, suggesting
that selective ligands for mGluR2s affect the function of
caudate neurons and might find application in treatment of
motoric disorders®®

2.7.6. 2-Aminobicyclo[3.1.0]hexane-2,6-dicarboxylic Acid
and Analogues

With the intention to prove that a fully extended glutamate

236, subsequent oxidation to the corresponding aldehyde, backbone is required for optimal group Il metabotropic

diastereoselective Strecker reaction in the presenc®ef (
o-phenylglycinol, oxidative cleavage, and final hydrolysis,
provided enantiomerically pure PCCG-H2S2 S3R)-239
(Scheme 43, eq >

Wittig alkenation of the Garner aldehyd®){48 with the
ylide from benzyltriphenylphosphonium bromide gave a

Scheme 43. Asymmetric Syntheses of PCCG-4 and 13156
Ph

/T > £ 1) morpholine Ph
Ph d A AlMe, /\
_/\1:0 Rh-cat* ¢\ , 2) LiN(SiMes), K/N 7(A
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(2)-234 92%ee  endo-235 (15,2S,3R)-236
PCC <—_>
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PCCG-4
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3)HCI COH
I\ o iy 2
BocN_ O 45% HO.C 7
NH,
PCCG-13

240 (2R1'S,2R,3'5)-239

glutamate receptor proteitigand interaction, several amino
acids have been designed in which the glutamic acid moiety
is incorporated into a bicyclo[3.1.0]hexane skeleton.

An efficient synthesis of unsubstituted 2-aminobicyclo-
[3.1.0]hexane-2,6-dicarboxylic acid started with the carboxy-
cyclopropanation of cyclopenten-3-or#(), utilizing ethyl
(dimethylsulfuranylidene)acetate, to yield, under optimized
conditions, the ethyl 2-oxobicyclo[3.1.0]hexane-6-carboxy-
late 242 as a single diastereomer. The ket@d@ was then
subjected to hydantoin formation under BucheiBerg
conditions, whereupon a mixture of the two possible dia-
stereomers of%)-243 was obtained. The latter was either

Scheme 44. Synthesis of Racemic 2-Aminobicyclo-
[3.1.0]hexane-2,6-dicarboxylic Acid%¥?

CO,Et COzEt
MeZSCH2COZEt ﬁ (NH),CO;
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75% CO,Et CO,H
over 3 steps H H H H
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HoN 87% HoN
(+)-244b (£)-245b
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separated or used as a mixture for subsequent hydrolysis anécheme 46. Enantioselective Synthesis of{-2-Amino-
esterification in order to give the two separable diastereomersbicyclo[3.1.0]hexane-2,6-dicarboxylic Acid from an

of the protected amino acid diethyl estets{244aand &)- Enantiomerically Pure Substrate'®?
244h Final hydrolysis provided the two target 2-aminobicyclo- 1) Boc-Gly PMB F:&AB o
[3.1.0]hexane-2,6-dicarboxylic acids in their racemic forms MBOZCONHPMB §§ﬁ§§%‘j’“”e°2(§“ ”fg‘,fb -t MeOC
(£)-245aand ()-245h, respectively (Scheme 440 N H
When, instead, the hydantoitt}-243was hydrolyzed and 246 (s*gt‘;‘;/;s) 248 H
then treated with eitherS{-(—)- or (R)-(+)-1-phenylethy- B 6 Lomioa s
lamine, optical resolution was achieved, and the resulting z-ssees MeO:C  N—¢ maon - MeO2C, NHBoc JIEEMes: Meo,C NiiBoc
hydantoins {)-245Hyd and ()-245-Hyd could be hydro- up to 47% H >82% _H >63% COMe
lyzed to yieId_enantiomericaIIy pure 2-aminobicyclo[3.1.0]- 240 4 250 1y COMe 251 4 H
hexane-2,6-dicarboxylic acids-§-245and (-)-245, respec-
tively (Scheme 45)%° Scheme 47. Syntheses of Racemic 4-Amino-2-oxa- and
4-Amino-2-thiabicyclo[3.1.0]hexane-4,5-dicarboxylic Aciéf®
Scheme 45. Optical Resolution of£)-2-Aminobicyclo- CO,Et CO,Et
- -di i id60 1) thexylbs
[3.1.0]hexane-2,6-dicarboxylic Acid - 2 H:gzof’a”e H H guem
COzHEt CX Rip(OAc), ([} _NaBOydr0 o \ odd
H 252 (X=0) 40% 254 87% 256 84%
ox ™ 253(X=S) 38% 255 44% 257 61%
}—'|\‘ 0 (+)-243 CO,Et CO,Et CO,H
| H H H H H
1) NaOH 1) NaOH 7 (X Ko Oy\'—’l‘m ( Naow H2N,,,Z (x
2) (S)-(-)-1-phenyl- 2) (R)-(+)-1-phenyl- —_— —_— "
46% ethylamin‘; o 46% ethylaminz " ° N HO,C
3) Hel 3) Hel 258 79% H "0260 62% (+)262(x=0)
CoH coH 259 51% 261 46% (+)-263 (X =S)

of glutamate. As such, it was able to interact with human

Ox metabotropic glutamate receptors as a highly potent, effica-
y—\o (+)-245-Hyd A O (0)-245-Hyd c_ious, and seleqtive group Il receptor agonist, making it.the

. . first orally applicable selective group Il mGIuR agonist
S1% et 86%|NaCH described so far and a promising tool in treatments of anxiety
CO,H CO,H and other central nervous system-related disorders in hu-

H A H H A H manst60163,164

H02C,,,}© HoN... Encouraged by this success, several structurally related
HoN HO,C analogues of 2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic
(+)-245 (-)-245 acid were prepared, and their pharmacological profile was

established. The rhodium-catalyzed carboxycyclopropanation

An enantioselective synthesis of the appropriate stereo-of either the furan252 or the thiophene253 with ethyl
isomer of242 the precursor to{)-245 and thus formally diazoacetate afforded the cyclopropane-annelated hetero-
(+)-245 itself has been achieved with the application of a cycles254 and 255, respectively. Hydroboration/oxidation
chirally modified ester-stabilized sulfonium ylid&. Prior across the double bond and subsequent Swern oxidation of
to that, the only stereocontrolled synthesis $§-{45 had the resulting carbinol256 and 257, respectively, furnished
been completed starting from the enantiomerically pure 3,4- the heterobicyclic ketone258 and 259, respectively. Con-
didehydroamino acid este246 (Scheme 463)%2 The p- version of the carbonyl group to the corresponding spiroan-
methoxybenzyl-protected es@46was coupled withN-Boc- nelated hydantoin functionality turned out to be diastereo-
protected glycine, and thé-Boc group was cleaved off with  selective, giving the hydantoirZ60 and 261, respectively,
trifluoroacetic acid. Diazotation of the amino group then gave which were finally hydrolyzed to racemic 4-amino-2-
thea-diazoamide, which, upon standing at ambient tempera- oxabicyclo[3.1.0]hexane-4,5-dicarboxylic aciet)¢262 and
ture, underwent an intramolecular 1,3-dipolar cycloaddition 4-amino-2-thiabicyclo[3.1.0]hexane-4,5-dicarboxylic acit)f
to yield a tricyclic pyrazoline. Photolysis of the latter 263, respectively (Scheme 47). Optical resolution &f){
furnished the tricyclic lactar48 in which theN-PMB group 262 and &)-263 was achieved by selective crystallization
was modified to arN-Boc protecting group before metha- of either the R)- or the @-2-phenylglycinol salts (see
nolysis was carried out to give the diesB&0. Inversion of Scheme 45 for an essentially analogous resolutiontgf (
the stereogenic center adjacent to the methoxycarbonyl grou2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic aciép.
on the cyclopropane ring was carried out by treatment with Compounds+<)-262, also called LY379268 and~)-263,
potassium bis(trimethylsilyl)Jamide and reprotonation. Finally, corresponding to LY389795, exhibited agonist activity at
all protecting groups were removed fro@b1 to yield group Il metabotropic glutamate receptors of even higher
enantiomerically pure-()-245162 potency than that of the lead structuPd5 without the

The pharmacological evaluation showed that racemic asheteroatom in the bicyclic ring system; however, the effects
well as the ¢)-enantiomer of 2-aminobicyclo[3.1.0]hexane- were not totally specific, as each of them also activated the
2,6-dicarboxylic acid 245 were exceptionally potent ago- group | mGIuR subtypes 6 and 8 at higher concentrafiéihs.
nists at group Il metabotropic glutamate receptors, possessing In order to further improve the pharmacological properties
no activity at other receptor subtypes. Detailed characteriza-of the bicyclic glutamate analogues, the introduction of
tion of the (+)-enantiomer, referring to LY354740, revealed fluorine atoms was envisaged, expecting essentially no steric,
that it closely mimicked the biologically active conformation but an interesting electronic change within the molecule.
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Scheme 48. Preparation of Racemic 2-Amino-3-fluoro- and
2-Amino-3,3-difluorobicyclo[3.1.0]hexane-2,6-dicarboxylic
Acid166

COzEt COzEt COzEt COzEt
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Scheme 50. Synthesis of Racemic 6-Fluoro- and
6-Methyl-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic
Acid?166

1) THPO(CH,),Br COE 4 o,
O NaH 2) CH,N,
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be about 90 times more potent than the-nantiomer of
ende266. As (+)-ende266 also showed agonist activity on

Thus, the racemic 4-oxobicyclo[3.1.0]hexane-6-carboxyl- mGlu3, but not on any other receptors, it was claimed to be
ate ()-242(see Scheme 44) was converted to its silyl enol a selective agonist for group Il metabotropic glutamate

ether, and this was then fluorinated withfluorobenzene-

receptors. Conspicuously, the diastereomgrgndo,epi266

sulfonamide, yielding an inseparable mixture of the diastereo- was only negligibly potent, and neither the racemic mixture

meric ende and exa-3-fluoro-2-oxobicyclo[3.1.0]hexane-
carboxylates £)-ende264 and @-)-exc264 as well as the
3,3-difluoro derivative £)-265 Submission of the mixture
of 3-monofluorinated diastereomeesnide and exc264 to

of the diastereomet{)-exa266 nor the difluoro-substituted
derivative (£)-267 exhibited any agonist or antagonist
activity at group Il mGIluRs. Additionally, compounet§-
ende266was found to inhibit phencyclidine (PCP) induced

hydantoin formation afforded three separable hydantoins head-waving behavior and hyperactivity, suggesting, in view
which were hydrolyzed to the corresponding diastereomeric of its oral bioavailability, an application in the treatment of
2-amino-3-fluorobicyclo[3.1.0]hexane-2,6-dicarboxylic acids schizophreni&®®

[(£)-ende264, [(£)-exc266], and [(*)-ex0,epi266. Simi-
larly, the 3,3-difluorinated ketoneH)-265was converted to
2-amino-3,3-difluorobicyclo[3.1.0]hexane-2,6-dicarboxylic
acid [()-267] (Scheme 48}

Optically pureende266 was obtained by derivatization
of its hydantoin salt with R)-(+)-1-phenylethylamine (see
Scheme 45 for an analogous resolutionbf--aminobicyclo-
[3.1.0]hexane-2,6-dicarboxylic acid). Additionally, enantio-
merically pure {)-ende266 was prepared from-f)-242,
obtained by HPLC separation af}-2420n a chiral column,

With the objective to introduce a fluorine atom at the C-6
of 2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid, ethyl
phenylsulfinylfluoroacetate f)-269 was stereoselectively
coupled with THP-protected 4-bromobutanol, and the product
was subjected to Jones oxidation conditions to yield the
monoester of £)-2-fluorohex-2-enedioic acidk)-270 Ac-
tivation of the acid functionality as the acid chloride, reaction
with diazomethane, and conversion of the resulting diazo-
ketone by intramolecular cyclopropanation in the presence
of bis(N-tert-butylsalicylaldimine)copper(ll) [Cu(TBg)fur-

subsequent stereoselective epoxidation of the silyl enol ethemished the 2-oxobicyclo[3.1.0]hexanecarboxylatg-271,

of (+)-242, and eventually fluorination to the key intermedi-
ate (—)-268 Catalytic hydrogenation of this fluorobicyclo-

which, upon ester hydrolysis, hydantoin formation under
Bucherer-Berg conditions, and final hydrolysis led te:)-

hexenone occurred stereoselectively, yielding, after diaste-2-amino-6-fluorobicyclo[3.1.0]hexane-2,6-dicarboxylic acid
reoselective hydantoin formation and final hydrolysis, the in its free form ()-272 (Scheme 49, eq 1). Optically pure

enantiopure-)-2-amino-3endofluorobicyclo[3.1.0]hexane-
2,6-dicarboxylic acid [{)-ende26€ (Scheme 49). Follow-

(+)-272and ()-272 respectively, were obtained by resolu-
tion of ()-271by HPLC on a chiral column and subsequent

ing this procedure, but carrying out the hydrogenolysis with conversion of each enantiomer in analogy to the racemic

tritium gas, the radiolabelec®H]-(+)-ende266 was pre-
pared:®

The pharmacological characterization of 2-aminergic
fluorobicyclo[3.1.0]hexane-2,6-dicarboxylic aciedc266)

revealed that the racemic compound exhibited high agonist

derivative. Applying the same sequence of transformations
to the methyl-substituted monoester hex-2-enedioic ak)e (
273 furnished {t)-2-amino-6-methylbicyclo[3.1.0]hexane-
2,6-dicarboxylic acid £)-275 (Scheme 50, eq 25

In analogy to the 3-fluoro-substituted compol2&b, the

activity at mGlu2 receptors which was demonstrated to be racemic mixture of the 6-fluoro-substituted derivative){

highly stereoselective, as the-Y-enantiomer turned out to

Scheme 49. Preparation of {)-2-Amino-3-endafluoro-
bicyclo-[3.1.0]hexane-2,6-dicarboxylic AciéF®

1) LiN(SiMe3), 1) Hy, PdIC
COEt  MesSicl COzEt 2 (NH),CO; COzH
2) Pd(OAc),
H. AH 3) tBUOOH H. EtOH mo H.
_ TitonB_ 3) H2304 (60%)
O yKFHF
CO H
1% 36% 2
(+)-242 - )268 (+)-endo-266

272 demonstrated high agonist activity on group Il metabo-
tropic glutamate receptors which was found to be about 67
times higher for the <)-enantiomer than for the—()-
enantiomer o272 at mGIluR2s. In contrast, the analogous
6-methyl-substituted bicyclic compou@d5was completely
inactive?l6®

The oxobicyclo[3.1.0]lhexanecarboxylatet)271 (see
Scheme 50) also served as a suitable starting material for
the preparation of 4-hydroxy80as well as 4-oxo-2-amino-
6-fluorobicyclo[3.1.0]hexane-2,6-dicarboxylic aci@7@),
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Scheme 51. Preparation of Racemicdf)-4-Hydroxy- and
(£)-4-Ox0-2-amino-6-fluorobicyclo[3.1.0]hexane-2,6-
dicarboxylic Acid 166

1) LiN(SiMes),
FQ COEL "Fj‘:(agfc') F. .CO,Et
K " S o
H.AH  3muoon -, 2 H A
Triton B
(6] H HO"" (0]
87% o
(£)-271 (£)-277
|
3 steps 13 steps
F scoz F. CO,H F. CO,H
H,N / _3steps AJ 6/NH2
s o HO™" %
HO,C 8% CO,H
(+)-278 +)-279 (73%) (+)-280 (2.4%)

respectively. Conversion ofH)-271into its silyl enol ether
and stereoselective epoxidation gave the epoxide2(76,
which could regiospecifically be reduced to the hydroxyl
derivative @)-277. Hydrolysis of the ester functionality of
the latter, hydantoin formation under Bucher&erg condi-
tions, and final hydrolysis providedH)-280 (Scheme 51).
Alternatively, compound=)-277was transformed into the
thioacetal {£)-279 before it was submitted to hydrolysis,
hydantoin formation, and removal of all protecting groups
to yield (+)-278 (Scheme 51)5¢

Optically pure ()-278 and (-)-278 respectively, were
accessible either by derivatization of the hydantoin derived
from (4)-279with (R)-(+)-1-phenylethylamine, separation,
and subsequent hydrolysis or by resolution ©)-71 by
HPLC on a chiral column and subsequent transformation of

each enantiomer in an essentially analogous manner as

described for the racemic compoutté.

Whereas the incorporation of the hydroxyl group at C-4
did not significantly enhance the agonist potency on group
I mMGIuRs compared to that of the 4-unsubstituted compound
272, introduction of the carbonyl group significantly in-
creased the potency while maintaining the selectivity.
Furthermore, in analogy to compount)fende266without
the carbonyl functionality, the orally active-j-enantiomer
of 278was found to strongly antagonize phencyclidine (PCP)
induced head-waving behavior and hyperactivity, suggesting
its application in the treatment of schizophretfia.

2.7.7. (3-Alkyl-2-carboxycyclopropyl)glycines

2-(2-Carboxy-3-methylcyclopropyl)glycine in its racemic
form has been prepared by a Michael-induced ring closure
(MIRC) reaction of the glycine anion equivalent formed by
deprotonation 0281, with methyl E)-4-bromopent-2-enoate
(282). This provided the (B*,2'S$t,3'SY)-isomer as a single
diastereomer in its protected forg83 (Scheme 52§*

Brackmann and de Meijere

Scheme 53. Synthesis of 2-(3-Alkyl-2-carboxycyclo-
propyl)glycines!¢”

OMe
N ’d
\ﬁ\fN
OMe
284
2) CO,Et
CO,Et CO,Et
MeO 1) nBuLi | R MeO
H L )\T/A
NZ R N R
_nH dr 1:1 _nn
R = Me, Et, Pr
OMe OMe

285a (17-23%) 285b (20-22%)

1) 0.1 N HCI, THF 0.1 N HCI, THF
38-46%1 2; 6 N HCI 39‘90%‘ ;e N HCI
COLH COH
HO.C., o ENg HO,C., g
H,N NH,

(28,1'S,2'S,3'S)-286

pane ring and the same absolute configuration at C-5. A
stepwise hydrolysis of each of these stereoisomers led to
(251'S52539-286and (51'R,2R,3R)-286, respectively,
having a methyl ethyl, or propyl substituent at C-3 of the
cyclopropane ring, respectively (Scheme 53).

Scheme 54. Preparation of (3,1'S,2'S,3 R)-2-(2-Carboxy-
3-methylcyclopropyl)glycinet8

(2S,1'R.2'R,3'R)-286

1) PhsPCHMe* Br-
KN(SiMe3),
2) HCI in MeOH r’” 1) Me;SIiOTF
CHO 3)BocGlyOSu, NEt; /\) 2,6-lutidine
O/\/ 4) Me,C(OMe),, pTsOH 2)NaNO H:
NBoc N
77% )(
)< EZ=6:1 \”/\NHB"C
(R)-48 287 ©
1) H*
2) tBuMe,SiCl
rﬁ' imidazole
y Pd(OAc), 3) Boc,0
O N sep. of isomers NEt;, DMAP
X TN, 3% 75%
(0] over 3 steps
288
i 1) CSA
tBuMe,SiO H 2) Me,C(OMe),
1) LiOH NHBoc CsA
Boc N 2) CH,N, 3) KN(SiMeg)y
Y 73% tBuMe,SiO 81%
290 291 COMe
1) CSA
% 2) Jones oxid.
3) LioH
g NBoc 4) HCl in EtOAC NH3
5) propylene
oxide HOZC
coMe  55% COH
292 (2S,1'S,2'S,3'R)-293

Wittig alkenation of the Garner aldehydg){48 with the

MIRC reaction of the anion generated from the chiral ylide generated from ethyl(triphenyl)phosphonium bromide

bislactim ether284 with racemic 4-alkyl-4-bromobut-2-

gave the corresponding 4-propenyl-substituted oxazolidine

enoates led to the diastereomeric cyclopropanecarboxylatederivative as a mixture of)- and @)-isomers, from which

derivatives285a and 285b, having identical relative con-

the protecting groups were removed. Subsequent coupling

figurations at all three stereogenic centers on the cyclopro-with N-Boc-protected glycine and reintroduction of the

Scheme 52. Synthesis of Protected'@,2'S*,3'S*)-2-
(2-Carboxy-3-alkylcyclopropyl)glycine?!

MeOC,
CO,Me N
COzMe . \J LDA i \\Cth
=i 7 0,

N=CPh, I 8% Lc oM

281 282 (1'S*,2'S*,3'S*)-283

acetonide protection provided tiNeBoc-glycyloxazolidine
287. Chemoselective removal of tidtert-butoxycarbonyl
group and diazotation of the resulting amine furnished the
diazoamide 288 which, by palladium acetate-catalyzed
intramolecular cyclopropanation and separation of the major
diastereomer, yielded the tricyclic compou2®P. Cleavage

of the O,N-acetonide and subsequent protection of the
hydroxy as well as the amino group led to tNeBoc-y-
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lactam290. The latter was hydrolyzed to the corresponding
acid, which was isolated as the methyl es28d. Removal

of the silyl group and reintroduction of the acetonide gave a
suitable material for epimerization to the ison282. A final
five-step transformation involving removal of the protecting
groups and Jones oxidation furnishe& S 2 S 3 R)-2-(2-
carboxy-3-methylcyclopropyl)glycine in its free for203
(Scheme 543%8

Scheme 55. Preparation of (3,1'S,2'R,3'R)-2-(2-carboxy-
3-methylcyclopropyl)glycinets
HO CO,Me
H

R —

H OZCW"‘N\\

HO,C” “NH,
(2S1'S.2R,3'R)-293

4 steps 6 steps
it ——

I
HO
296

57%
294

00" quant. 64%

295

Employing essentially the same sequence of transforma-
tions as described for the preparation oS 2 R,3 R)-2-
(2-carboxy-3-hydroxymethylcyclopropyl)glycin243) (see
section 2.7.3, Scheme 38),32'S 2 R,3'R)-2-(2-carboxy-3-
methylcyclopropyl)glycineZ93 was synthesized. Thug)
but-2-en-1-ol 294 was converted to the cyclopropane-
annelated lacton295 This was subsequently hydrolyzed,
and the resulting acid was esterified to provide the disub-
stituted methyl cyclopropanecarboxyla286. Subsequent
oxidation of the hydroxymethyl group to the aldehyde,
diastereoselective Strecker reaction employing)- (
(—)-a-phenylglycinol, further oxidative cleavage, and hy-
drolysis gave rise to @1'S 2R 3 R)-2-(2-carboxy-3-meth-
ylcyclopropyl)glycine 293 (Scheme 55; for a detailed
description, see section 2.7.3 and Scheme'$8).

Enantiomerically pure protected 3-methyl-2-(2-carboxy-
cyclopropyl)glycine has also been prepared by applying a
Michael-induced ring closure (MIRC) reaction on a protected
glycinate enolate in the presence of a zinc salt (for the
intermediately formed chelated glycine ester zinc enolate,
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Scheme 57. Synthesis of /inyl- and 3'-Ethyl-2-
(2-carboxycyclopropyl)glycing®®

/\) OSiMe,tBu

cal Rh’

)< Wz up to 93%

tBuMe28|O 1) nBuyNF

] \“ 2) PDC
EN

3) Tebbe
reagent

59%

Ce-180 181b
1) CSA i
H \\ 2) BuMe,sioTr BUMe2SIO H
P lutidine 3
o o 3) Boc,O
W A e owar
N o
299 89% 300
1) CSA
2) Jones oxid.
NHBoc ” 3) CH,N, NH, ”
E 4) NaOH o
_ 5) CF3CO,H HOC M
{BuMe,SiO T e
CoMe  58% COaH
301 oversteps g 1R 25,3's)-302
1) Hy, PA/C
2) H*, MeOH
3) Jones oxid
NHBoc ” 4) CH,N, NH; J 2
5) NaOH HO.C @
_ 6) CF;CO,H z
tBuMe,SiO
CoMe  44% COH

301 from 294

(2S,1'R,2'S,3'S)-303
models for anxiety with remarkably high potency due to its
good bioavailability6®

When the cyclopropanation of thE)¢4-aminopent-2-ene-
1,5-diol derivative E)-180 was carried out in the presence
of a rhodium instead of a palladium catalyst (see section
2.7.2, Scheme 32), the stereochemical outcome was reversed,
and theendoe181binstead of theexcadductexo18lawas
isolated. Subsequent removal of the silyl-protecting group
in 181b was followed by oxidation of the obtained hy-
droxymethyl group to the corresponding aldehyde, and this
in turn was methylenated with Tebbe’s reagent to yield the

see section 2.7.1 and Scheme 18). When the reaction wasinyl derivative299. Cleavage of th®,N-acetonide ir299

carried out using theZj-isomer of the chiral phosphonyl-
substituted pent-2-enoate97 as the Michael acceptor,
virtually diastereomerically as well as enantiomerically pure
protected (R 1'R,2'R,3R)-2-(2-carboxy-3-methylcyclopro-
pylglycine 298 was obtained. When, instead, the corre-
sponding Z)-pentenoate was employed, a mixture of four
diastereomers was obtained, from whiclRIS2' S3R)-
298 was isolated as the major product (Scheme®56).

The pharmacological evaluation of the affinity of 2-(2-
carboxy-3-methylcyclopropyl)glycine toward metabotropic
glutamate receptors revealed that th§ 152'R,3 R)-isomer
was only slightly active, whereas theS2'S 2 S 3'R)-isomer
turned out to be not only a highly active and selective group
Il mGIuR agonist but also an orally active compound in

Scheme 56. Preparation of Enantiopure 2-(2-Carboxy-
3-methylcyclopropyl)glycines by MIRC Reaction$®

208 H co,mu

M
n NHCOCF,

(1R1'R,2'R,3'R)-298

LiN(SiMe),, ZnCl,
CF;C0-GlyOtBu

dr >96:4
>98% ee
86%

AN
(E10),Ps, COMe

(2)-297

H

X CO,Me LiN(SiMes),, ZnCl, MeO,C— <% -H

CF;CO-GlyOtBu
(EtO),P, T
0 dr 81:19
syn:anti 86:14
>98% ee
74%

(2)
CF3COHN COBu

(E)-297 (1R,1'S,2'S,3'R)-298

and protection of the hydroxy as well as the amino group
provided the bicyclic lactar00, which was hydrolytically
opened to afford01 A subsequent five-step transformation
involving removal of the protecting groups and Jones
oxidation gave ($1'R,2S3S)-2-(2-carboxy-3-vinylcyclo-
propyl)glycine 802 (Scheme 57, eq £§°

When in301the vinyl was hydrogenated to an ethyl group
before removal of the protecting groups and Jones oxidation,
(1STR2S39-2-(2-carboxy-3-ethylcyclopropyl)glycin@03
was obtained (Scheme 57, eq'®.

Characterization of 81'R 2539-302and (51'R,2S39)-
303 as ionotropic glutamate receptor ligands showed that
both compounds exhibited only weak affinity toward these
receptors; nevertheless, the vinyl-substituted glutamate ana-
logue (IS1'R,2 53 9-302was characterized as a mixed ago-
nist of non-NMDA type with a depolarizing potency almost
as high as the one of NMDA or KA, and $lI'R,2S53'9)-

303 was found to act as a mixed NMDA-type agoriit.
Enantiomerically pure '38ethyl-substituted 2-(2-carboxy-
cyclopropyl)glycine has been synthesized by employing the
enantiopure tricarbonyl-(1-methoxycarbonylpentadienyl)iron

tetrafluoroborate 304) and the lithium enolate of methyl
nitroacetate with subsequent oxidative cleavage of the
resulting tricarbonyl(diene)iron complex to lead to the
vinylcyclopropane derivativ805 as a mixture of diastere-
omers. Reduction of both the vinyl as well as the nitro group,
with Raney nickel and protection of the thus obtained amine
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Scheme 58. Synthesis of Enantiomerically Pure
2-(2-Carboxy-3-ethylcyclopropyl)glycing70.171
CO,Me

Li 1) Ha, Raney-Ni

2) Ph,C=NH

66%

4. COH
H
Ph,C=N LTIV N
MeO,C Bt 95-97% Ho,c Et

306 (25,1'S,2'S,3'R)-307 (2R,1'S,2'S,3'R)-307

as the diphenylmethyleneamino derivative, furnished a

separable mixture of the two diastereomer8@& Hydroly-
sisofeach ofthese provide 2 S2S3R)-and (R 1S2S3R)-
2-(2-carboxy-3-ethylcyclopropyl)glycind07, respectively
(Scheme 58). Starting from the racemic iron coméx,

the corresponding racemic 2-(2-carboxy-3-ethylcyclopropyl)-

glycines were obtainetf®17*

The enone308 prepared by Wittig alkenation of the
Garner-aldehydegj-48 with 1-phenyl-2-(triphenylphospho-

Brackmann and de Meijere

Scheme 60. Preparation of Racemitrans-2-Methyl-
2-(carboxycyclopropyl)glycineé!

Me020\<
CO,Me < _CHPh
_<002Me . Hr LDA, THF SN
= 709
N=CHPh Br 0% \co,Me

313 314 trans-315
group Il mGIuRs, with (§1'S2'S3'R)-311being the more

potent ligand-"3

2.7.8. 2-Substituted (2-Carboxycyclopropyl)glycines

A Michael-induced ring closure (MIRC) reaction of the
protected alanin@13with methyl (Z)-4-bromobut-2-enoate
(314 yielded racemic 2-methyl-2-(carboxycyclopropyl)-
glycine in its protected forntrans-315 (Scheme 60§*

The chiraltrans-2-phenyloxazolidinon816, easily avail-
able fromL-alanine, served as the starting material for the
preparation of enantiopure 2-methyl-2-(carboxycyclopropyl)-
glycine. Michael addition of the enolate 8.6 to methyl
(E)-3-bromopropenoate gave thgs-unsaturated est&i17.
Palladium-catalyzed cyclopropanation of the latter with

ranylidene)ethanone, upon reaction with ethyl (dimethylsul- diazomethane led to the cyclopropane derivaBi® as a
furanylidene)acetate provided the disubstituted cyclopropane-separable mixture of two diastereomers. Stepwise hydrolysis

carboxylate309 as a separable mixture with two other

of each of these furnished the 2-methyl-2-(carboxycyclo-

diastereomers. Reduction of the phenyl ketone moiety by propyl)glycines.-MCCG-I (251'S2'9-319 andL-MCCG-
catalytic hydrogenation afforded the corresponding benzyl Il (251'R,2R)-319, respectively (Scheme 61

derivative, which was subjected to cleavage of@h§-acetal

and subsequent Jones oxidation. Final hydrolysis yielded Scheme 61. Synthesis of Stereodefined 2-Methyl-

2-(3-benzyl-2-carboxycyclopropyl)glycine310) as the
(2R,1'R,2R,3'R)-sterecisomer (Scheme 595.

Applying an analogous reaction sequence as described
for the synthesis of enantiomerically pure PCCG-4

(251S2S3R)-239 (see section 2.7.5, Scheme 43) to

9-xanthenylmethyl- and 9-xanthenylethyl-substituted allyl

diazoacetate, respectively, providedSlS2 S3'R)-2-(2-
carboxy-3-xanthenylmethylcyclopropyl)glycine81(1) and
(1S1'S2 S 3R)-2-(2-carboxy-3-xanthenylethylcyclopropyl)-

glycine 312 (Figure 6). Evaluation of these compounds as
metabotropic glutamate receptor ligands showed that both
compounds selectively exhibited antagonist activity toward

AL

COH
(18,1'5,2'S,3'R)-312
Figure 6. Structures of 3-xanthenylmethyl- and 3-xanthenylethyl-
substituted 2-(2-carboxycyclopropyl)glyciké.

NH, NH,

A

CO,H
(18,1'S,2'S,3R)-311

HO,C

HO,C

Scheme 59. Preparation of (R,1'R,2'R,3'R)-2-(3-Benzyl-
2-carboxycyclopropyl)glycing 72

+
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98% o 72%
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Boc
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2-(carboxycyclopropyl)glycing-’4

1) LiN(SiMe3),, THF 0.0 CHN,
Ph-—< :/|/ B’\%\co Me Ph—( f COzMe py0ac),
65% z dr 3:4
316 317 49%
CO,H
00
Ph o o
><N:/qu 3steps HOZCX or HOgCXA\COZH
z 86%  H,N HoN
MeO,
318 L-MCCG-| L-MCCG-II
(25,1'S,25)-319  (2S,1'R,2'R)-319

In analogy toL-CCG-Il, L-MCCG-I was found to exhibit
selective affinity for group Il metabotropic glutamate recep-
tors, but interestingly, the additionatmethyl group caused
this compound to be an antagonist rather than an ago-
nist175176 Studies directed toward the characterization of
antagonists of mGIuR2 and -4 revealeMCCG-I to be the
most potent antagonist for mGIuR2 known to date, with no
activity at mGIuR4-"” Thus,L.-MCCG-I was able to antago-
nize the antiseizure activity afCCG-I and DCG-I\V142:178
However, concomitantly -MCCG-I behaved as a partial
agonist at group Il metabotropic receptors, limiting its
usefulness as a metabotropic glutamate receptor antago-
niSt.112’179

In order to study the antagonist propertiesedubstituted
2-(carboxycyclopropyl)glycine in detail, a whole series of
these compounds was synthesized by a general approach.
Thus, theC,-symmetric diethyl cyclopropanedicarboxylate
(320 was hydrolyzed to the monoester, and the acid then
converted into the corresponding acid chloride, which, upon
zinc- or copper-mediated, palladium-catalyzed coupling with
various alkyl iodides, afforded the alkyl cyclopropyl ketones
321 Hydrolysis of their ester function, hydantoin formation
under BuchererBerg conditions, and final hydrolysis of the
hydantoin furnishedx-substituted 2-(carboxycyclopropyl)-
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Scheme 62. Preparation ofx-Alkyl-Substituted Scheme 63. Synthesis ad-(2-Arylethyl)-2-(carboxy-
2-(Carboxycyclopropyl)glycineg8® cyclopropyl)glycineg8
1) NaOH 1) NaOH 1) NaOH
EtO,C 2)S0Cl,  EtO,C 2)(NH,,C05  HO,C, 2) SOCl, EtO,C 1) NaOH HO,C
3) ZniCu, RI KCN EtO,C 3) Zn/Cu 2) (NH,),CO3
Pd(PPh3), 3) hydrolysis Pd(PPh3), KCN
E0,¢ 0 o= 0 HoN }\ Ar(CHp)yl o=  3Lhydrolysis HoN, &
2 6-65% Y 5% ho,cT R E0,C 27-97% 1-53% HOZC>
320 321 (*)-322 320 323 %, (#)-324 Y,
R= Me Oct cBuCH, Bn Ph,CHCH, d
Et iPr cPenCH, BnO Ph,CH(CHy), Pd/C o
Pr sBu  cHexCH, Ph(CHy)p PhyCH(CHa)s H, / 43-92%
Bu Me,CH(CH,);  Ph(CHy)s Bn,CHCH, EtO.C Eto.c (2 steps)
Pen Me,CH(CHp);  Ph(CHy), PhCHMeCH, 2 2

D> oo D

oo Lo o A A IEASN

o oS b A,
cood T

(Et0),0P
325 326
Ar= 2-FCgH, 2-CICgH; 3-BrCeHs 2-MeCgH, 2-F3CCqH,

3-FCgH, 3-CICH, 4-BrCgH, 3-MeCgH, 3-F3CCqH,
4-FCgH, 4-CICgH, 4-MeCgH, 4-F3CCqH,

2
CH, 3-nProCgH, 3-PhCgH, 2-MeOCgH, 2-OHCgH, 2-PhOCgH,
3-cPenCgH, 4-PhCgH, 3-MeOCgH, 3-OHCgH, 3-PhOCgH,
CH, 3-tBuCqH, 4-MeOCgH; 4-OHCgH, 3-MeSCgH,
\ d‘ 6 6 6H4 6!
[ S\ 3-MeS0,CqH, 2,3-di-FCgH3 2,4-Cl,CoH3 2,3-(MeO),CqH3

3-HO,CCH, 2/4-di-FCeH; 2.6-CloCqHs 2.5-(MeO),CqHs
4-HO,CCgH,;  2,5-di-FCqH; 3.4-Cl,CqHy 3.4-(MeO),CeHs

glycines322 however, as mixtures of two diastereomeric 3-HNCgH, ggglggena 3,5-ClCeH3 3,5-(Me0),CqHy
pairs of enantiomers (Scheme 69. 23.4.5F CH

Studies concerning the structuractivity relationship of
these isomeric mixtures showed that other simple alkyl 63). It turned out thatmeta but not ortho- or para-
substituents did not lead to any significant change of the substitution on the aromatic ring intf-324 with a variety
affinity in comparison with thex-methyl-substituted com-  of electron-donating as well as electron-withdrawing sub-
pound319, but phenylethyl and diphenylethyl substituents stituents caused an increase in affinity, with the exception
were beneficial. The affinity of the diphenylethyl-substituted that the para-fluoro-substituted derivative was the most
derivative could further be enhanced by linking the two potent compound of all the monosubstituted ot¥és.
phenyl groups with a heteroatom as in the tricyclic xanth-  2-Diphenylethyl-, 2-xanthylmethyl-, and 2-(3-methylphe-
ylmethyl and thioxanthylmethyl groups. Among the numer- nyl)ethyl-2-(2-carboxycyclopropyl)glycine were resolved into
ous evaluated substrates, only the amino acids with thesetheir four constituent stereoisomers, and the affinity as well
two substituents were able to distinguish between the groupas antagonist activity toward group Il mGluRs was found to
Il subreceptors mGIuR2 and mGIuR3, both being-18 reside solely in the @1'S2'S-isomers, consistent with the
times more potent at mGIluR2. Generallyxanthylmethyl- affinity of L-CCG-I (251'S2'9-127. Among the assayed
substituted 2-(carboxycyclopropyl)glycine turned out to be compounds, 2-xanthylmethyl(carboxycyclopropyl)glycine
about 50 times more active than the analogausmethyl- turned out to be the most potent one, showing high plasma
substituted compound198° The pharmacological profile  levels and ready penetration into the brain, but unfortunately
of 2-xanthylmethyl-2-(carboxycyclopropyl)glycine, referring  only limited bioavailability!84
to LY341495, was further studied in detail, supporting its )
nanomolar potency for mGIuR2 and -3, but also revealing 2.7.9. 2-Alkyl-(3-alkyl-2-carboxycyclopropyl)glycines

its only sI_ig_htIy lower potency for mGIl_JRS and its micro- In analogy to the preparation of 2-(2-carboxy-3-methyl-
molar activity for mGI_uR? as well as its low potency for cyclopropyl)glycine (see section 2.7.7, Scheme 52), Michael-
any other metabotropic glutamate receptor subtypes and nqpqyced ring closure (MIRC) reaction of the protected alanine
activity toward ionotropic glutamate rece_ptéFéAs such, 313with methy! (Z)-4-bromopent-2-enoat@82) furnished
LY341495 has served as a valuable tool in the discovery of \5cemic 2-methyl-2-(2-carboxy-3-methylcyclopropyl)glycine

a new putative metabotropic glutamate receftor. as thetranscistransisomer (152'S,3'9-327(Scheme 643
Additionally, a tritiated version of 2-xanthylmethyl-2- In order to synthesize a whole range of differently’2,3

(carboxycycloprqpyl)gIyC|r?e' has bgen synthesized in order gisypstituted 2-(2-carboxycyclopropyl)glycines, thes-

to be employed in the activity studié¥. unsaturated carbonyl compoun880 were conceived as

With the intention to further increase the affinity toward g jitaple precursors. Preparation of the latter was accom-
group Il metabotropic glutamate receptors, the effects of plished by conversion of dimethyl methylphosphon&@2g(
substitution on the aromatic ring of 2-phenylethyl-2-(car- jhto the corresponding 2-oxoalkylphosphona@29 and

boxycyclopropyl)glycine were explored. The desired mix- gypsequent HorneEmmons reaction with the respective
tures of four stereocisomers of the compountt¥-824 were

prepared by hydantoin formation and subsequent hydrolysisScheme 64. Synthesis dfans,cistrans-2-Methyl-2-
of the ketoester intermediaB23, which was available either  (2-carboxy-3-methylcyclopropyl)glyciné!

as described above (see Scheme 62), by palladium-catalyzed MeO,C.| ,CHPh
coupling of the monoacid chloride derived fr&820 with a COMe rCOZMe N
substituted 2-phenylethylzincate, or by Horr@mmons — + \) LDATHE %L
alkenation of substituted benzaldehydes with the phosphonate N=CPh, 2 % co,Me

325followed by hydrogenation of the enond26 (Scheme 313 282 (1'8",2'8",3'5%)-327
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Scheme 65. Preparation of 2-Alkyl-(3-alkyl-2-carboxy- Scheme 67. Synthesis of§}-2-Cyclopropyl-4-phosphono-
cyclopropyl)glycines8s phenylglycine'8®
o 1) nBuLi o o 1) K?(SiMeg,)z 0 Ph
1l 2) R'CO,Et ] 2) R2CHO H 1) CICO,Me 1) Na(SiMe;),
APOMe), === M _B(oMe), T s PN o NaHCO, MeO,C-yYO  Br(CH)OTI
n.r. n.r. |\ 2) PhCH(OMe), 2) LiOH, H,0
328 329 330 Ng2 BF2ELO 0 3)MeOH, HCI
1) NaOH 73% 79%
N 9 2keN HO,C NH, BnO
Me,SCH,CO.Et EtO,C.,, %W (NH,),c05 HO,C.,,, %W 337 BnO 338
Br~, DBU 3) NaOH
o SN N v H CO,M H co,m
n.r R2 n.r. R2 a e e
(+$331 (+$332 H 2) CHaN; MeOZCN . MeOzCN ‘L—<2
= MeO,CN™% 3)0, A\ CHN,
R'=Me R? = Me )TN Pd(acac),
R! = Ph(CH,), R? = Me, Ph(CH,),, pentyl
R' = 9-xanthylmethyl R? = Me, Et, Pr, Bu, sBu, 80% 3%
Pen, Hex, Non, Ph(CH,), BnO BnO
) 339 340
n. r. = yield not reported
1) Hy, PIC H co,Me CO,H
. . 2) Th,0, NE MeO,CN._ < HaN <
aldehydes. Stereoselective cyclopropanation of the alkenones SZHéo(OE,;
330 utilizing ethyl (dimethylsulfuranylidene)acetate led to __Pd(PPhy)s, NEt;_ 2steps
the corresponding cyclopropane derivatives, which were 84% 94%
isolated each as the single diastereoB8@t Hydrolysis of EOF 102 (Orfy (S CRPG

the ester moiety, subsequent hydantoin formation under

Bucherer-Berg conditions, and final hydrolysis of the with a Wittig alkenation of the Garner aldehyd®)<48 with
hydantoin led to the 2-alkyl-2-(3-alkyl-2-carboxycyclopro- the ylide from 2-(2,3-dioxan-2-yl)ethylidenetriphenylphos-
pyl)glycines332 each of which was obtained as a mixture phonium bromide to yield a mixture of th&)- and @)-

of four stereoisomers (Scheme 65). isomers of the corresponding alkeB83 Dibromocyclo-

All of the thus prepared compounds were evaluated as propanation under phase-transfer catalysis conditions furnished
ligands for metabotropic glutamate receptors. In this context, a mixture of three diastereomers of the dibromocyclopropane
antagonist activity for all compounds toward group Il derivative334, which was identified to consist of th&)-
receptors was indicated with a generally-BD times higher isomer ¢)-334 as well as the twoH)-isomers E)-334 and
potency for mGIuR2 compared to mGIuR3 and the highest (E)-epi334 with the opposite configuration on the cyclo-
affinity for the xanthylmethyl-substituted derivatives. Ad- propane ring (structure not showA§j.One of the three could
ditionally, general antagonist activities toward group Il be picked out, and reductive debromination of the remaining
receptors were demonstrated with a preference for the mGlu8mixture of two diastereomers afforded the cyclopropaBgs (
subreceptor. With the exception of the 9-xanthylmethyl- 335 and )-335 which were easily separated by chroma-
substituted derivatives endowed with'ahgxyl and 3-nonyl tography. Jones oxidation dE)-335provided (51'S2'R)-
substituent, respectively, none of the evaluated compounds336, which was identified to be the naturally occurring
exhibited any significant antagonist activities toward group stereoisomer (Scheme 665.
| receptors-8®

2.8. 2-Cyclopropyl-2-(4-phosphonophenyl)glycine
2.7.10. 3,4-Methanohomoglutamic Acid yclopropyl-2-(4-phosp phenygly

[(2-Carboxymethylcyclopropyl)glycine] With the objective qf prepanngSI-Z-cycIopropyI-Z-(4-
) phosphonophenyl)glycine$-343, the amino group ofR)-

The naturally occurringrans-2-(2-carboxymethylcyclo-  2-(4-benzyloxyphenyl)glycine3@7) was protected as the
propyl)glycine @36) was first isolated fronBlighia uniju- carbamate and the latter was treated with benzaldehyde
gata'®® A stereoselective synthesis of this amino acid started dimethyl acetal under boron trifluoride catalysis to yield the

trans-disubstituted oxazolidinong38 Stereoselective alky-

Scheme 66. Preparation of (8,1'S,2'R)-2-(2-Carboxy- lation of the enolate derived fror838 with 2-bromoethyl
methylcyclopropyl)glycine's® triflate gave the corresponding 4-(2-bromoethyl) derivative,
which was further converted to the aminolactoBa9
IC" Nucleophilic ring opening o339 with in situ generated
sodium phenylselenide, and esterification with diazomethane,
OHC NaH oxidation with ozone to the selenoxide, and subsequent
pr L5 S—-\ e L) thermal elimination of benzeneselenenic acid led to the

BocN_ O ——— = BocN_ O

' 7= 2080 S — o-ethenylglycine derivativ840, cyclopropanation of which

with diazomethane in the presence of a palladium acetyl-

dr 2:4:1
(R4 " (Eiz)-333 acetonate produced the cyclopropylglycine derivafvé.
bo Hydrogenolytic removal of the benzyl group, transformation
© of the liberated hydroxy function into a better leaving group,
Br HO.C and eventual palladium-catalyzed phosphonation yielded the
Br Jones desired cyclopropylglycine in its protected foi3d42 Final
H BusSnH_ odd. CO,H hydrolysis of the latter in two steps led to enantiomerically
BocN,__O 85% BocN 75% HoN pure 2-cyclopropyl-2-(4-phosphonophenyl)glycine in its fully
e (25,1'S,2'R)-336 deprotected formS)-CPPG343 (Scheme 673%°
gg*g;: g))gg: 2-Cyclopropyl-2-(4-phosphonophenyl)glycine in its race-

[+(E)-epi-334] mic form (£)-343 was found to be a potent glutamate
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Scheme 68. Synthesis of Racemic 2-Cyclopropyl- A convenient general approach to such amino acids has been
2-(3-methoxy-4-phosphonophenyl)glyciné? elaborated starting from the readily available alkyl 2-chloro-
1) (F5C80,),0 2-cyclopropylideneacetatg56,'% acting as a Michael ac-
2,6-lutidine
1) AICl o DWAP o ceptor. . . . . .
2>z;(g:2)3wm 2)::(3&332 NEt; Reaction of dimethyl- and diethylamine as well as pip-
T T eridine with the _unsubstltuted as well as di-, tri-, and
nd  oMe nd  oMe (EOLF.  oMe tetramethyl-substituted alkyl 2-chloro-2-cyclopropylidene-
344 345 ‘0 346 acetateg56led to several 3-amino-substituted cyclopropyl-
glycine derivatives852in a single step in moderate to good
HN_</° yields (Scheme 69’
NH 1) NaOH NH, Several monosubstituted cyclopropylideneaceté366
(COs M 2pnmc COH (RZ—R* = H) were treated with (85R)-4,5-diphenyl-1,3-
T T o>§azilidin-2-one to yield thg (espec_tive Michael add8%3
(EO)LF, OMe (HO)LF, OMe with excellenttrans-selectivities (with respect to the newly
O 347 O 248 introduced substituents on the three-membered ring). Sub-

sequent reductive dehalogenation of the separated diastere-
receptor antagonist toward metabotropic group Il and group omers, enolate formation, introduction of an amino group
1l receptors with a 30-fold selectivity for group Ill receptors, equivalent by electrophilic azide transfer, hydrogenolytic
a negligible activity at group | receptors, and no activity at removal of the chiral auxiliary along with reduction of the

ionotropic receptorg?®-192 azido to an amino group, and final hydrolysis afforded
The analogous 2-cyclopropyl-2-(3-methoxy-4-phospho- diastereomerically and enantiomerically pure 4-substituted
nophenyl)glycine 348 was synthesized from guaiac®44, 3-amino-3,4-methanoamino aci@s8 (Scheme 69)%:19°

starting with its acylation with 4-bromobutyryl chloride in According to this method, unsubstituted methyl or benzy!
the presence of aluminum trichloride, initiating a Fries 2_chloro-2-cyclopropylideneaceta386 (R'—R* = H, R® =
rearrangement to the corresponding butyrophenone, whichgn) was converted with nucleophiles, providirestibstituted
cyclized to the aryl cyclopropyl ketor@5upon treatment  2.chloro-2-cyclopropylacetat&$0 Substitution of the chlo-
with base. Triflation of the latter followed by palladium- rine with azide and mild deprotection led torhethyl-, 1-
catalyzed phosphonation afforded the (4-phosphonophenyl)-amino-, 1-hydroxy-, 2-methoxycarbonylmethyl-, and’-1
substituted analogue46. Hydantoin formation under  methylthio-substituted 2-cyclopropylglycin@§3 (Scheme
Bucherer-Berg conditions gave the arylcyclopropylhydan-  69)16 Upon reduction of 2benzyloxymethyl-substituted ben-
toin 347, which was subsequently hydrolyzed to 2-cyclo- zy| 2-chloro-2-cyclopropylideneacets366 (Rt = BnOCH,
propyl-2-(3-methoxy-4-phosphonophenyl)glycine 348 R2—R* = H), a benzyloxymethyl-substituted cyclopropane
(Scheme 68)* _ _ derivative analogous t860was obtained (Nu= H), which

Compound348 was evaluated with respect to its phar- as further transformed into the 4-hydroxymethyl-3,4-
macological properties on metabotropic glutamate receptorsmethanoamino acitf.

and showed neither agonist nor antagonist actlv}ﬁés. Unsubstituted methyl or benzyl 2-chloro-2-cyclopropy-
Among othera-aryl-substituted cyclopropylglycines, the  |ijeneacetat56 (R1—R* = H) was treated with primary
antagonist activity of £)-a-cyclopropyl-4-carboxyphenyl-  5mines; and the obtained Michael adducts were coupled with
glycine at group | metabotropic glutamate receptors was promoacetyl chloride to yield bromochloro-substituted acyl-
studied, and it turned out to be more effective toward aminoester862, which, by treatment with a primary amine,
MGIURS than toward mGIuR1, but generally weak compared ,ngenvent twofold nucleophilic substitution with ring closure
to other antagonists; however, its synthesis has not beeny fymish theN,N-substituted spirocyclopropanated 4-oxo-
described in detat piperazinecarboxylate365 with an incorporated cyclopro-
pylglycine moiety (Scheme 69). An analogous sequence of

2.9. Other Substituted 3,4-Methanoamino Acids tra_nsformations, yet with_ the incorporation _of chiral amin_o
In 1979, the so-called substance SF-1835 was isolated fromacids, led to enantiomerically pure 5-substituted 4-oxopip-
the fermentation broth oStreptomyces zaomycetici&F- erazinecarboxylate864 via the separable diastereomeric

1835 exhibited antimicrobial activity againganthomonas  dipeptides361 (Scheme 69). Compound$4 were further
species and was effective in controlling bacterial leaf blight transformed into octahydrofpyrazino[1,2-a]pyrazines as
of rice plants under greenhouse conditié¥sThe antimi- ~ conformationally restricted tetrapeptide mim#€8.
crobial activity was antagonized hyproline, suggesting a The highly strained methyN-benzyl-1-azaspiropentane-
bioactivity as an antimetabolite afproline. The structure  2-carboxylate359was also accessed from methyl 2-chloro-
of SF-1835 was elucidated to be that o(@-azabicyclo- 2-cyclopropylideneaceta®s6 (R'—R* = H) (Scheme 69),
[2.1.0]pentane-3-carboxylic aci®49) (Figure 7), a highly  albeit in rather low yield
strained and thereby reactive bicyclic analogue of prdiihe. Racemic spiropentylglycinergc-354) was obtained by

Besides 3,4-methano analogues of proteinogenic or non-reduction of benzyl 2-chloro-2-spiropentylideneacetasy
proteinogenic naturally occurring amino acids, numerous (R!—R2 = CH,—CH,, R?, R* = H, R® = Bn), nucleophilic
synthetic cyclopropylglycines endowed with a variety of substitution of the chlorinegd55 with azide, and hydro-
substituents on the cyclopropane ring have been preparedgenolytic deprotection (Scheme 693.

Thiocarboxamides and thioureas as well as selenoamides

ﬁ were also found to easily undergo Michael additions onto
HN oM alkyl 2-chloro-2-cyclopropylideneacetated56, with the
349 sulfur or selenium, respectively, attacking as the nucleophilic

Figure 7. (39-2-Azabicyclo[2.1.0]pentane-3-carboxylic acid. moiety, and subsequent intramolecular substitution to afford
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Scheme 69. Syntheses of Substituted 3,4-Methanoamino Acids Starting from Alkyl 2-Chloro-2-cyclopropylidene-
acetate$6.197.199-206

*38 R!
SH RGIIN\ CO,R® szg
3. COzMe

[>S—NH2 R7 X:% R L4 s
COH ‘QHC' 351 a2

350 x=s> xR X=0,S el

89% il RS,R7=H,Br,,0H KR =H Me; Mes, Me,
? N s RE'= H, SOLAr, - NR$ = NMe,, NEt,, piperidinyl
COZMe R

NH. 1or2
353 g5 NaHéoﬁ_ss%Tsteps
X=8,8e Rigi-p

37-92%

1) NaN Ph 0o
COH o)1, Ba/c . BnO,C B . ozﬁ‘j: :(I NH,
4

2 5 6 st
NH,  25% ol o~ K A /PS Ph Ssters. . )N
rac-354 355 63% R3 cl R>=Me H o 20—33% CO,H
4

RENH/51-71%

R-R'=H R(p Me
R fst/eps '2 356 48-79% 357 R! =3:/|8e Et
q — RS = Me, Bn 1) M- CH,0Me
i 13% % CH2OH
359 COMe g 1) RONH,
2 75-79%/ 88-93% | 5, 5 curTcoct 60-97%
Me Rs Cl 2-3steps

B 6
N R" o COan ~ Nu
NI~ NHBoc N 17-69% |>g_
0 R7 NH;

CO,H

R'0,C Br
;)gFacozri/zo-m% s 363
) 64-90% | New, 2 Nu = Me, NH,, OH
MeOH CH,CO,H, SMe

Me
Tr Aj
MeO,C” "N~ “R® I
H R°0,C
364

spirocyclopropane-annelated thiazoline- and selenazohnecargzrr‘sg“tﬁlggzo752¥g‘g'f§§s of 2-Substituted Cyclopropylglycine

boxylates361, respectively, formally incorporating a 3,4-

methanoamino acid moie#?2%*Hydrolysis was performed KCN
for the sulfur-containing compound, providing-thercap- NH4C' CN ol €O,
tocyclopropyl)glycine 850), formally a 3-mercapto-3,4- NH, (1)
methanoamino acid and a thioanalogue of cleon@te 366 367 368
(Scheme 69393 NacN i(m

Additionally, diverse heterocycle851 which formally I (NH{),COq NH  BalOH), XCOZH
comprise a 3-mercapto- or 3-hydroxy-3,4-methanoamino acid T @
unit were prepared starting from alkyl 2-chloro-2-cyclopro- 369 368
pylideneacetate356 (R'—R* = H) (Scheme 693% o MeO,C

Various individual approaches to substituted cyclopropyl- PhHN CHN, @)
glycine derivatives have also been developed. _7 LS COR

2-Cyclopropyl-2-methylaminoacetic aci8gg), also called coMe ML NHPh
2-cyclopropylalanine, corresponding to 2-methylcyclopro- 370 s
pylglycine, has been synthesized from cyclopropyl methyl EtAICI, EtAICI,
ketone 866) via the cyanohydri67 by applying a Strecker- %‘/COZE‘ Nyt ‘\X/COZB
type synthesis (Scheme 70, eq 1). Along with the synthesis 4-MeOCHN m—MeOCGH(N‘Et @
of 1-aminocyclopropane-1-carboxylic acid (see Part 1, section 372 373
2.2)8this preparation, dating from 1922epresents the first n. r. = yield not reported

synthesis of a cyclopropane-containing amino &id.

Again starting from cyclopropyl methyl keton&86), was syntheS|zed'. Upon blologlcal examination of the latter,
2-cyclopropylalanine 368) has also been obtained via the an _e_xpezclzzed toxicity againgischerichia colicould not be
corresponding hydantoi@69 (Scheme 70, eq 28 In this verified: o .
context, the amino aci@68 has been incorporated into a ~ The enol lactoned70 reacted with diazomethane in an
glycyl-dipeptide2®® In conjunction with a survey ofy,a- alcoholic solvent to yield 2-(2-carboxy-2-hydroxycyclopro-
disubstituted phthalimidoacetamides as anticonvulsant agentsPylalanine in its protected forr@71; the latter represents a
the phthalimidoylation of cyclopropylmethylaminoacetic acid Substituted 2-methyl-2-cyclopropylglycine derivative (Scheme
368has been studied? Following an analogous hydantoin 70, €q 3)*

formation and hydrolysis, but starting with 1-(1-methylcy- In the context of a study toward the reactivity@fimino
clopropyl) methyl ketone, 2-(1-methylcyclopropyl)alanine esters, a synthesis ofo.-disubstituted amino acids has been
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Scheme 71. Syntheses of-Bubstituted Cyclopropylglycine

Derivatives?17-220

H H H
BocN.__CO,Me 1) CH,N, BocN._CO,Me  BocN.__CO,Me
Pd(OAc). .

2) Hy, PAIC. % L % M
COBn  37% CO,H 90%
74 375
1) Me,SiCN
CHO  1ot6 N
DX 2) NH,, MeOH Hy 3steps }:
CO.Et  50% CO gt 15%
377
LDA, THF
’ CN CI\/\C| CN 4steps
N 96% 85%
Boc 380 381
1) Ba(OH),,
H,0
Q 2) HCI NH
3)—<| ! 2
HN~\( 78% N CoH ©
H H
383
1) tBuMe,SiCl
HO imidazole 1) Tebbe's reagent

(0)
2) TEMPO 2) Na/Hg
NaOCl 3) Boc-ON
0, 0,

N 79% N 52%
HO  SO,Ph  BuMe,SiO  SO,Ph  BuMe,SiO  Boc
384 385 386

1) CHBrg, KOtBu 1) Hl
2) nBuzSnH . 2) PDC ) (@)
88% " g% 02C

[
tBuMe,SiO Boc Boc

387 388

o H,NMe Q
HCOH_

Ph: TU\H . @\ ZHJ\

389 390 NecHo 301
CO,H

th COH  steps_ ZHL J

_NH

392
Boc-ON = 2-(Boc-oximino)-2- phenylacetomtrlle
n. r. = yield not reported

discovered, performing a sequentidtalkylation andC-
allylation reaction ofb-imino esters using organoaluminum
reagents and allyltributyltin. Application of these reaction
conditions to the cyclopropyl-substituted imino es8at2
furnished the 2-allylcyclopropylglycine derivati@#3 (Scheme

70, eq 4¢3

(9-2-(1-Methylcyclopropyl)glycine was isolated from the
culture broth oMicromonospora miyakonenssg. nov. and
was found to exhibit antimicrobial activity agairsscheri-
chia colion a synthetic mediurft*?'5Protected racemic 2-(1-
methylcyclopropyl)glycine has been prepared starting with
the 1,3-dipolar cycloaddition of diazomethane to the pro-
tected 3-methyleneglutamad@4, a 3,4-dehydroamino acid
derivative?'® Subsequent hydrogenolytic cleavage of the
benzyloxycarbonyl group afforded protected 2-(1-carboxy-
methylcyclopropyl)glycine375 corresponding to a 3,3-
ethano analogue of protected glutamic acid which, upon
homolytic decarboxylation, furnished methy-Boc-(1-
methylcyclopropyl)glycinate376) (Scheme 71, eq 2}’
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analogue of DHOD, was expected to exhibit interesting
activity as an activator or as an irreversible inhibitor of
DHOD. Submitting ethyl 1-formylcyclopropane-1-carboxy-
late 377) to Strecker conditions gave the aminonitid@8
Transformation of its amino into a urea functionality,
cyclization to the cyanopyrimidindione, and final hydrolysis
gave rise to 5-spirocyclopropanedihydroorotic add9
(Scheme 71, eq 2). However, the biological activity3@0
has not been reported y&t.

Within a study directed toward the synthesis of confor-
mationally constrained analogues of trypthophane, the cy-
clopropyl derivative383was synthesized. Protected indolyl-
acetonitrile380was 2,2-dialkylated with 1,3-dichloroethane,
furnishing 3-(1-cyanocyclopropyl)indol881). Reduction of
the cyano to an imino group and subsequent hydrolysis
afforded the corresponding aldehyde, which was further
converted into the hydantoiB82 Hydrolysis of the latter
provided 2-[1-(H-indol-3-yl)cyclopropyl]glycine 883), cor-
responding to a tryptophane analogue with a 1,1-disubstituted
cyclopropane moiety (Scheme 71, e¢?3).

3-Spirocyclopropanated prolirg88 was accessible from
N-phenylsulfonyl-2-hydroxymethyl-3-hydroxypyrrolidingdg4).
Selective protection of the primary hydroxy group3d4 as
a silyl ether and oxidation of the secondary alcohol provided
the pyrrolidinone385 Methylenation of this ketone with
Tebbe’s reagent, reductive removal of tResulfonyl, and
replacement with d@ert-butoxycarbonyl group yielded the
N-Boc-3-methylenepyrrolidine386). The latter was dibro-
mocyclopropanated, and the two bromines were removed
from the resulting dibromocyclopropane by reduction with
tri-n-butyltin hydride. Eventual desilylation and oxidation of
the alcohol furnished the protected 3-spirocyclopropanated
proline 388 (Scheme 71, eq 4). The latter has been
incorporated into the tetrapeptide Z-Gly-Phe-X-GlyOEt,
which was tested as a substrate analogue and a mechanistic
probe for the human prolyl 4-hydroxylase-catalyzed hy-
droxylation reaction and turned out to be neither an inhibitor
nor a substrate of the enzyrié.

Applying the Ugi four-component reaction, condensation
of 1-phenylcyclopropanecarbaldehy@89), 1-isocyanocy-
clohexene 390, methylamine, and formic acid, provided
the N-formyldipeptide391, which was hydrolyzed tdl-meth-
yl-(1-phenylcyclopropyl)glycine392), an analogue of phe-
nylalanine with a 1,1-disubstituted cyclopropane moiety
(Scheme 71, eq 5). The-methyl(2-phenylcyclopropyl)-
glycine 392 was used to prepare the peptidomime33
(Scheme 71, eq 5), representing an analogue of the natural
product Hemiasterlin, which induces microtubule depolym-
erization and mitotic arrest in cells. Among a variety of other
analogues of Hemiasterlin, the peptidomime883 was
evaluated with respect to its effects on microtubule polym-
erization as well as its in vitro and in vivo anticancer activity.
It showed excellent inhibition of microtubule polymerization,
yet its cytotoxicity was significantly lower than that of other
analogueg?®

In order to obtain 2phosphonoalkyl-substituted cyclo-
propylglycine derivatives, 4-bromo-1-buterg9§) and 5-bro-
mo-1-pentene395) were cyclopropanated with ethyl diazo-
acetate under copper catalysis to proviges and 397.
Separation of theis- andtrans-isomers, their transformations

The inhibition of dihydroorotate dehydrogenase (DHOD) into the corresponding aldehydes, and Arbuzov and subse-
has been identified as a significant target for chemotherapy, quent Strecker reactions afforded the aminonitrdliss and
especially of parasitic diseases. 5-Spirocyclopropanedihy-trans398as well agis- andtrans-399 Final hydrolysis gave
droorotic acid 379 which represents a direct substrate rise tocis- andtrans-2-phosphonoethyl- and (2-phosphono-
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Scheme 72. Syntheses of-Substituted

Cyclopropylglycinesi+222
N,CHCO,Et
Br. CuSO, 4 steps
o Br\é/?n/A“ CO,Et

394 (n=2) cisltrans-396 (n = 2)

395 (n=3) cisl/trans-397 (n = 3)

Q ?
(EtO)zP\H/A\/CN (HO)ZP\H/A\/CN

n n
NH, NH, (1)

cis- and trans-398 (n = 2)
cis- and trans-399 (n = 3)

cis- and trans-400 (n = 2)
cis- and trans-401 (n = 3)

1) nBuLi R R
= 2
N=CPh; 2) /™, A ol A
( BR— T COBu ——= £, _COH
COxtBu  56-91% T 87-96% [ ()
dr up to 95% N\\CPh NHz

402 trans-403
R =NO,, CO,Me, COMe, CN, SO,Ph, PO(OMe),

trans-404

propylcyclopropyl)glycine in their free fornss- andtrans
400as well axis- andtrans-401, respectively, each of them

as a mixture of four stereoisomers (Scheme 72, eq 1). The

four compoundsis- andtrans400as well asis- andtrans

401 were assessed with respect to their biological activities
asN-methylp-aspartate (NMDA) receptor antagonists. Yet,
none of these 'Zphosphonoalkyl-substituted cyclopropyl-
glycines exhibited any antagonist activity; howewas;401
manifested agonist-like activity at the NMDA receptor and
as such represents the only example ofcaphosphono-
amino acid with inverted efficacy at the NMDA recep-
tor.222

Diastereomerically pure substituted cyclopropylglycines
endowed with an electron-withdrawing group in the 2
position were prepared by Michael-induced ring closure
(MIRC) reaction of the enolate of the protected glycitg2
with several appropriately 1-substituted€){3-bromopropenes
to yield thetrans-diastereomersans-403 which eventually
were deprotected td-8ubstituted cyclopropylglycindgsans
404 in their free form (Scheme 72, eq 2). The nitro-
substituted derivative was further reduced to 2,4-diamino-
3,4-methanobutanoic acid. Application of this methoddp (
3-bromo-2-methyl-1-nitroprop-1-ene furnished 2-(1-methyl-
2-nitrocyclopropyl)glyciné?

With the aim to link two glycine residues with confor-
mationally rigid two-carbon bridges between theanda'-
positions trans-cyclopropane-1,2-bisglycing7) was pre-
pared in a stereoselective manner. Thusisérans mixture
of dimethyl cyclopropane-1,2-dicarboxylaté05 was re-
duced to the corresponding mixture of diols, and the
diastereomers were separated. Conversion dfithi@nd the
trans-diols to the corresponding dibromide, subsequent
nucleophilic substitution with cyanide, hydrolysis of the
resulting bisnitrile, conversion of the diacid into the bisacid
chloride, and acylation 0f§}-4-benzyl-2-oxazolidinone with
each of the diastereomeric diacid dichlorides gave the

Scheme 73. Stereoselective Synthesis of Protected
Cyclopropane+trans-1,2-bisglyciné?3

A 6steps )X\J\/A\/”\J(

MeO,C CO,Me
405 21-28% cis-406
trans-406 \
Ph
CO,H

HOZC\/A COZH

BocHN NHBoc
408 (3%)

5 HOLC_
trans-406 — Sstops z and
BocHN NHBoc

407 (21%)

Brackmann and de Meijere

diastereomeric bisamideds- and trans406, respectively.
Introduction of the two amino functionalities was ac-
complished by electrophilic azidation of the bisenolate of,
for example,trans-406, whereupon two diastereoisomers
were obtained as a separable mixture. Subsequent reduction
of the azide functionalities, twofoltll-tert-butoxycarbonyl
protection, and hydrolytic removal of the chiral auxiliaries
afforded protected @®,2R)-1,2-bis[(Z%5)-amino]cyclopro-
panediacetic acid07 and (15,29)-1,2-bis[(Z)-amino]cyclo-
propanediacetic acii08 (cyclopropandrans-1,2-bisglycine)
(Scheme 7352

3. 4,5-Methanoamino Acids

3.1. 3-Cyclopropylalanine, the Unsubstituted
4,5-Methanoamino Acid

In 1986, an antifungal amino acid, which was found to
inhibit the spore germination éfyricularia oryzag causing
rice blast disease, was isolated from the mushréonanita
virgineoidesBas. Its structure was elucidated &s2-amino-
3-cyclopropylpropionic acid 411), equivalent to $)-3-
cyclopropylalaniné?* Racemic 3-cyclopropylalanine was
found to have potent antibacterial activity against a certain
strain of Escherichia col??®

3-Cyclopropylalanine in its racemic form was first syn-
thesized in 1955 from cyclopropylmethyl bromidé0g),
readily available by conversion of cyclopropylmethanol.
Alkylation of diethyl formamidomalonate with09furnished
410, which, upon hydrolysis and decarboxylation, afforded
3-cyclopropylalanine411) in its free form (Scheme 74, eq
1). During this investigation, 3-cyclopropylalanine was found
to have a sweet tasté Following the same procedure, but
using 2-(acetylamino)malonats;acetylcyclopropylalanine
(414 was prepareé?® The latter was also obtained from
cyclopropylmethanol 412) by cobalt-mediated amidocar-
bonylation via the tetracarbonyl(cyclopropylmethyl)cobalt

o-complex413 albeit in rather low yield (Scheme 74, eq
)_227

Scheme 74. Syntheses of Racemic
3-Cyclopropylalanine??s.227-229

NHCHO
Y COLEt B
50%

Et0,C” CO,Et

CO,H (4
Br 80% EtO,C~ NHCHO o
2 NH,
409 410 411
HCo(CO),
CO/H. MeCONH
- Y — coH @
Co(CO), 8% 2
413 414 NHAc
Ru-cat.
(e} CsOH « H,0 0
N CprCH,Br (409)
Ph,C” \)J\OtBu ——

77%

3
phzc//N OtBu ®
415

Racemic 3-cyclopropylalanine in its protected foah5
has also been made available by alkylation of the enolate of
the protected glycind02 with cyclopropylmethyl bromide
(409 in the presence of cesium hydroxide and a catalytic
amount of a ruthenium(ltypolypyridyl complex as a phase
transfer catalyst (Scheme 74, ec#®)Application of a chiral
allyl(anthracenylmethyl)cinchonidinium bromide as a phase

402
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Scheme 75. Syntheses of Enantiomerically Pure
3-Cyclopropylalaning?24.23-234

N CHylp
CO,Bn ¢y CO,BN H,, cat. CO,H )

NHZ 50% NHZ quant. NH,
(S)-416 M7 (S)y-411
~..R 1)LDbA ~..R
oo Ty X
o 2CkCHI_ (ko steps rCozH (2)
NH, N 66% NH, NHR
418 299% de 419 (R-411 R=H

. i (R)}-420 R =Boc
R= ©\(\/ (R)1-421 R = Fmoc

OH

3 1) MeSO,H
Hp, cat. 2) Hy, PdIC (3)
C02Bn COan COzH
<100% conv. 82%

NHBoc  <99.5%ee  NHBoc NH,
422 423 (S)-411

transfer catalyst in the alkylation @f02 offered access to
highly enantioenriched protected cyclopropylalanié.??°
Enzymatic resolution of racemibl-trifluoroacetyl- and
N-acetylcyclopropylalanine has been achieved with an acy-
lase?1:226.230 An asymmetric synthesis of protecte8)-38-
cyclopropylalanine417 was accomplished by cyclopropa-
nation of protectedg-allylglycine (9-416with diiodomethane
in the presence of copper powder. Subsequent hydrolysis of 0
417 furnished §-3-cyclopropylalanine in its free forngf-

411 (Scheme 75, eq ¥

A practical method for the synthesis of a variety mf
andL-amino acids employs an asymmetric alkylation of the
pseudoephedrine glycinamidEL8 as the key step. Thus,
alkylation of 418 with cyclopropylmethyl iodide afforded
the amide419 in good yield and with excellent diastereo-
selectivity. Hydrolysis of the pseudoephedrine amid®
furnished R)-3-cyclopropylalanine, which was isolated either
in its free form R)-411 or as the protected derivativeR){

420and R)-421, respectively (Scheme 75, eq2y.233
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(0]
HN =
., HN__O
“~OH
Y':INH >‘ CoH
07 NH NH

(\ Massetolide K

429
Tyr-(S)-CprAla-Gly-Phe-Pen  (S)-CprAla-Tyr-D-Ala-Gly-Phe-Pen

430a 431a
Tyr-(R)-CprAla-Gly-Phe-Pen  (R)-CprAla-Tyr-D-Ala-Gly-Phe-Pen
430b 431b

Figure 8. Cyclopropylalanine-containing peptides and peptido-
mimetics230:237-241

Additionally, enantiomerically pure §-3-cyclopropyl-
alanine in its protected form$)-428 has been obtained by
photolysis of the diacyl peroxidé27, which was prepared
from the protected aspartic acii®4 by condensation with
2-methoxyprop-2-yl hydroperoxide, subsequent cleavage of
the resulting perestet25 and acylation of the latter with
cyclopropylcarbonyl chloride. Alternatively427 was pre-

Enantiomerically pure 3-cyclopropylalanine has also been pared by coupling of the protected aspartic a¢6 with

made available by asymmetric hydrogenation ofXhBoc-
aminoacrylic acid derivativd22 Among the tested chiral
catalysts, a rhodium complex with a phosphianinophos-

cyclopropanepercarboxylic acid (Scheme #8).
3-Cyclopropylalanine has been used in feeding experi-
ments to elucidate the biosynthesis of the antimycobacterial

phine-substituted ferrocene (BoPhoz) ligand turned out to cyclic depsipeptides called massetolides,_which were isolated
be the most efficient one providing access to virtually from cultures ofPseudomonasp. Massetolide K29 (Figure

enantiomerically pure protecte8){3-cyclopropylalanine$)-
423 which was eventually converted into its free for8)-(

411 (Scheme 75, eq 3%*

Scheme 76. Preparation of Optically Pure Protected
(S)-3-Cyclopropylalanine by Photolysis of a Diacyl
Peroxide*3®

Me;&OH OMe
COH  bee ?/k
R'HN DMAP  R'HN. o}
—'0 1) CF4CO,H
R?0,C 424 95-9%% R20,C O 425 or ACOH
R'=27,R? = Me; R' = Boc, R = fBu 2) cereod
, ; : y
oce o 70/82%
BocHN RHN ©
OOH
tBuOZC/K/COZH 89% RZOZC)\/U\O’O#
426 ° 427 (o}
1
o TMOA
2
52-58%  R°OLC
(S)-428

8) represented the first complex peptide containing a 3-cy-
clopropylalanine moietg3®

Cyclopropylalanine has also been incorporated into four
analogues of enkephalin, resulting in the pentapept86s
and430b and the hexapeptidet3laand431b (Figure 8).
Each of these cyclopropylalanine-containing analogues was
found to be a full agonist on the guinea pig ileum (GPI).
Peptide 431a exhibitited agonist activity also on rat vas
deferens (RVD), wherea&30bturned out to act as a mixed
partial agonist-antagonist

Diol derivatives generally characterized as having one
propargyl and one aryl- or alkylsulfonyl terminus as well as
an incorporated 3-cyclopropylalanine moiety as depicted in
432(Figure 8) have turned out to be useful as renin inhibitors
for the treatment of hypertensig#.

A series ofa-ketothiazoles were prepared by applying a
polymer-assisted solution-phase synthesis and were screened
with respect to their potency and selectivity on tissue factor
Vlla and other enzymes affecting coagulation. Among the
evaluated compounds was theketothiazole433 (Figure
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X = CH,
0=POH, 0=POMe

Y=H

X = CF,, CHOH, C=0
C(OCH,CH,0)
CHCH,0H
COHCH,
CHCO,H
CHCO,Me

Y=F

Figure 9. Cyclopropylalanine-containing pyrrolidine
derivatives?7.242-244

Brackmann and de Meijere

) [A
HZNMN
H

W\(COZH CO,H
NH, COyH
hypoglycine A hypoglycine B
436 437
17% de in favor of the (2S,4R)-isomer

Figure 10. Hypoglycine A and B.

of acyl-CoA dehydrogenagés248.25+270 Besides, hypogly-
cine A was found to be an antimutagene against spontaneous
mutation ofSalmonella typhimuriurA 1004759 The lipid-
lowering agent clofibrate was found to partially protect
against hypoglycine A toxicity’%272

Starting with the determination of its molecular forméia,
several research groups simultaneously elucidated the con-
stitution of hypoglycine A to be 3-(2-methylenecyclopropyl)-
alanine, also referred to asamino(methylenecyclopropyl)-
propionic acict*?255.274278 The configuration of ther-carbon

8), with an incorporated cyclopropylalanine moiety. Com- was evidenced to beS24%2%%and after an originally wrong

pound433exhibited activity on tissue factor Vlla; however,
its potency as well as its selectivity were rather modetéte.
3-Cyclopropylalanine bound to bis(trifluoromethyl)-substi-

assignment for the-carbon atom to havesf-configuration,
natural hypoglycine A436 (Figure 10) was proven to be a
diastereomeric mixture of the $2AR)- and the (&49-isomer

tuted hydantoin has served as a versatile building block for with 17% diastereomeric excess in favor of thes{R)-

the synthesis of the peptidomime#&4 (Figure 8). Com-

isomer (Figure 1036267 Hypoglycine B was shown to be

pound434 was shown to act as a highly potent antagonist the y-L-glutamyl dipeptide437 (Figure 10)273279.280

at the very late antigen-4 receptor (VL4), offering interesting

Several synthetic approaches to racemic hypoglycine A

options for the treatment of inflammatory diseases such ashave been developed. Thus, cyclopropanation of 2-bro-

asthma, rheumatoid arthritis, and multiple sclerg¥ig

mopropene 438 with ethyl diazoacetate under copper

In analogy to cyclopropylglycine (see section 2.1, Figure catalysis gave ethyl 2-bromo-2-methylcyclopropanecarboxy-
1), 3-cyclopropylalanine has been incorporated into 1,3,4- late @439, which was dehydrobrominated to ethyl 2-meth-

trisubstituted pyrrolidine derivative$35 (Figure 9), which

were evaluated ag-chemokinine receptor antagonists in
order to act as potent and selective antivirals against the
human immunodeficiency virus (HIV). The cyclopropyl-

alanine-containing derivative$35 all showed a significant

and some even an excellent antiviral activity with concomi-

tantly approved pharmacokinetic propertiég!? 244

With the intention to develop new pharmaceuticals with
enhanced antiinfective properties, modified peptide nucleic
acid (PNA) molecules bound to a peptide by a cyclopropyl-

alanine linker have been preparéel.

3.2. Hypoglycine

In 1954, two toxic components named hypoglycine A and
B were first isolated from the ripe and especially the unripe
fruits of Blighia sapida also known as ackee fruits, which

are a very common diet in Jamai#’d.Several improved

methods for the isolation of hypoglycine A and B have been
described#”250 Later on, hypoglycine A and B were also

isolated from seeds dBillia hippocastanumand fruits of
Acer pseudoplatanteong with their lower homologue-(2-
methylenecyclopropyl)glycine (see section 25}

Hypoglycine A and B were found to entail the so-called
Jamaican vomiting sickness, a local disease caused by severe
hypoglycemia in the form of very low blood glucose and
almost absent liver glycogen values, ending lethal without
therapeutic administration of glucose. Subsequent extensive 446
studies of the biological activities, the pharmacological
properties, as well as the biosynthesis and biochemistry of
hypoglycine have disclosed that the toxicity of hypoglycine
is the result of its metabolization to (methylenecyclopropyl)-
acetate or (methylenecyclopropyl)acetyl-CoA, respectively,
which suppresses the oxidation of fatty acids by inhibition

ylenecyclopropanecarboxylaté40). The ester was reduced

to the corresponding alcohol, the latter was converted to the

Scheme 77. Syntheses of Racemic Hypoglycing8A285287

NLCHOOLEL Br 1) LiAIH,
B ) 2 2) TsCl, ~X
/& CuS0,-Cu /V NaH, Elzow base
17-20% CO,Et 60%  CO,Et 47%
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NaH, NHCHO \ %
J\ 1) NaOH (1)
Et0,C” “CO,Et cogt 2 HOAC COM
n.r. n.r.
EtO,C NHCHO NH,
442 436

1 diastereomer

NHCHO
Y —— Zn-Cu
Br EtO,C” “CO,Et CO,Et CHalp

80% B0C \HeHO 719
443 444
AN AN
1) NaOH
Co,Et 2H_ CO,H @)
28%
EtO,C NHCHO ’ NH,
442 436
EtO._ _OEt EtO_ _OEt

EtO OEt Eoac
cat. Ti(OiPr), y)/ ) TsCl, Py Y)/
|PngBr KOtBu
I OH 46%
over 3 steps 447
X

X
L 5o @
) (NH,4),CO4
, NH —>0 CO,H
67% HN\< 92% NH
2

448° 436
n. r. = yield not reported

(NH,),CO4
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tosylate441, and this in turn was used to alkylate diethyl
N-formylaminomalonate to yield42 Hydrolysis and de-

Chemical Reviews, 2007, Vol. 107, No. 11 4571

Scheme 79. Synthesis of Enantiomerically Pure Hypoglycine
A Employing Photolysis of a Diacyl Peroxide as a Key

carboxylaton of the latter provided a single diastereomer of Step**®®

hypoglycine A436, the relative configuration of which was
not assigned (Scheme 77, eq?)?82

The synthesis of racemic hypoglycine A was also achieved

starting with the alkylation of diethyl formylaminomalonate
with 4-bromobuta-1,2-dieneld3), accessible by reaction of
propargyl alcohol with triphenylphosphite dibromitfé?23*

to yield diethyl buta-1,2-dien-3-yl(formylamino)malonate
(444). Simmons-Smith cyclopropanation o444 occurred
regioselectively at the more highly substituted double bond,
affording 442 Hydrolysis and decarboxylation gave the
(R*,R*)-diastereomer of hypoglycine At36, which was

wrongly considered to have the same configuration as the

natural product (Scheme 77, eq?2j28¢

Another synthesis of racemic hypoglycine A started with
the titanium-catalyzed hydroxymethylcyclopropanation of
vinylacetaldehyde diethyl acetad45 with isopropylmag-

Br N.CHCO.Et NaH,
A Rh(OAc), Et,0 K,COy
86% CO,Et 81%  CO,Et 94% CO,H

438 439 440 454

1) CICO,iBu, NEt,

(R)-2-phenyl- bee

ZHN 0
glycinol Ph X )\/U\ 456
2) separation H H,SO, \v MeO,C OOH

Y

o\
26% 95%  GoH  46%
(+32% 1S,1'R)
(1R, 1'R)-455 (R)-454
o ZHN
ZHN O N I AL
o.c 0© dr>95:5 MeOLC S
MeO; 457 24% (2S.4R)-458

452 a certain degree of kinetic resolution was observed in
the alkylation of the bislactim eth@84, resulting in a 20%

nesium bromide in the presence of ethyl acetate. The thusdiastereomeric excess in favor of tH@-configured stereo-

obtained cyclopropanal46 was tosylated and the tosylate
eliminated to the methylenecyclopropane deriva#i4& The
transformation of the acetal to an amino acid moiety was
performed via the corresponding hydantd48 which was
finally hydrolyzed to furnish hypoglycine A36in an overall
yield of 28% (Scheme 77, eq 3Y’

Racemic hypoglycine A has been coupled witglutamic
acid to furnish they-L-glutamyl-hypoglycine A dipeptide,
hypoglycine B?88:289

Scheme 78. Synthesis of Enantiomerically Pure Hypoglycine
A (Only the Preparation of the (2S,4R)-Isomer Is

Depictedy?90.291
1) nBuLi
26 0% MegSi HO
Me;Si Lx_oTs SO,Ph MesSi 1) NBu,NF
4) K,CO3, MeOH LDA 2) TsCl, Py
SO,Ph  56% > 83% PhO,S
449 450 451
N__OMe
ALy g 4
TsO. MeO \N MeO Y 1) H,CI Y
l ol N)\ e HOLC
_ 295% de N 50%
= 7 over 3 steps NH,
(S)-452 OMe 453 (2S,4R)-436

Until today, only two synthetic accesses to enantiomeri-

cally pure hypoglycine A have been published. Thus, reaction

of the tosylate of enantiomerically pure oxiran-2-ylmethanol

(glycidol), accessible by Sharpless asymmetric epoxidation

of allyl alcohol and subsequent tosylation, with the anion
generated from (trimethylsilylethyl)phenylsulfor&l@) gave

a -hydroxy-substituted tosylate which upon treatment with
base was converted to the epoxith®. Subsequent treatment
with lithium diisopropylamide afforded the (hydroxymethyl-
cyclopropyl)phenylsulfond51, which upon fluoride-induced

genic center in the three-membered ring, and this ratio
corresponds almost exactly to the diastereomeric ratio in the
natural product??2°1

Treatment of 2-bromopropend38) with ethyl diazoace-
tate in the presence of dirhodium tetraacetate gave ethyl
2-bromo-2-methylcyclopropanecarboxyla#39) in a sig-
nificantly higher yield than the same cyclopropanation in
the presence of a copper catalyst (see Scheme 77, eq 1).
Dehydrobromination oft39to ethyl 2-methylenecyclopro-
panecarboxylatedd() and subsequent hydrolysis led to the
acid 454 Derivatization of the latter withR)-2-phenylgly-
cinol gave a separable mixture of the corresponding amides,
the diastereomet55 of which was hydrolyzed to enantio-
merically pure 2-methylenecyclopropanecarboxylic adi®)-[(
(454)].%%8 Coupling of R)-454 with the peracid456 (see
section 3.1, Scheme 76 for its preparation) led to the diacyl
peroxide457, and photolysis o#57 diastereoselectively gave
(2S4R)-hypoglycine in its protected fornd58 (Scheme
79)_235

Scheme 80. An Isomer of Hypoglycine A2

1) LDA
2) Pd(dba),

OTs CO,Et s CO,Et
. pp:
= N=CPh,  76-87% N=CPh,
459 176 460
1) HCI
2) NaOH COH
94% 461 NH

The protected 3-cyclopropylidenealan#®0, representing
an interesting constitutional isomer of hypoglycine A, was
obtained by palladium-catalyzed allylation of the enolate of
ethyl (diphenylmethyleneamino)acetater¢) (O‘Donnel’s
glycine equivalent) with 1-ethenylcyclopropyl tosylat&g)

desilylation/elimination and subsequent tosylation gave the and subsequent hydrolysis (Scheme®8bEnantiomerically

(2-methylenecyclopropyl)methyl tosylat#52). Substitution

of this tosylate with the deprotonated enantiopure bislactim
ether284 as a chirally derivatized glycine anion equivalent
yielded the alkylated bislactim ethet53 which was
hydrolyzed in two steps to hypoglycine #436. When the
alkylation of284was carried out with the pur&)- and R)-
enantiomers oft52 respectively, the corresponding inter-
mediatest53and final productgl36 were virtually enantio-

pure §-isohypoglycine §-461 has been prepared employ-
ing a glycine anion equivalent analogous 1@6 chirally
modified with a camphorsultam moief§?

Additionally, the hypoglycine analogu&4 with a bicy-
clopropylidene instead of the methylenecyclopropane moiety
has been synthesized. Thus, bicyclopropylidenylmethanol
(462 was converted into the corresponding iodide, and this
in turn was used to alkylate the enolate of O‘Donnell’'s

merically pure (Scheme 78). Even with the racemic tosylate glycine equivalentl76 to provide463 Subsequent depro-
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Scheme 81. Syntheses of Cyclopropyl-Group-Containing
Analogues of Hypoglycing®+2%

Brackmann and de Meijere

Scheme 83. Syntheses of 4,5-Methanoprolitfé2%8

SnMe;
1)_I2,A:F'h3| LiN(SiMe3), ey 1) LiEt;BH
imidazole - / —
[>_ 2178 D_ \ecpr, DHO j((’))nj Me,SnCH,I n 2) CF4CO,H
Op B 2 2)LioH SN _ transicis O N  66-90%
462 49% 463 COEt  49% 438"1° OSiPhotBu 274 trai‘s’:azos'PhZ'B“
HS Y(X) 1) nBuyNF
D= NH on ) JRuCl, )
2 - % " NalO4 %, n 6
()X CO,H —_— O.H
o.M quant. (1) N 65-68% N 2
464 2 465 NH, Boc OSiPh,tBu Boc
X = H, Y = S(CHy),0H 483 n=0,1  exo-484
1) BuLi 1) !zv‘dPPhal 0 1) LiBEtyH 1) EtZn
imidazole 2) pTsOH, MeOH CH,l
J 2co, / 2)176 S;ZHSCI ° = 2) BoosO
D><]  3iaH, nBuLi N<CPh BocN,_ b M poon 2)Boc0,
55% OH  75% ? 7% 49%
466 ° 467 ° 468 COLEt EtO,C EtO,C endo:exo
Y 2 485 486 41
1) HCI Hs— OH .
2) LIOH OH 2
atiog NH, ———% COH @ N\ rues HS
44% quant. BocN + BocN X —_— N )
469 CO,H 470 NH, 40-56% o
EtO,C EtO,C COzH
Boc THF/ELO endo-487 exo-487 exo-488
[>_ NMe o, " ° [>= Boc and endo-488
<l Y = - NMe
MgBr CO,Me 64% i . .
471 a2’ 473 CO,Me with a Beckmann rearrangement of the oximé @5to yield
1) LioH the bicyclico-lactam476. Twofold chlorination of the latter,
acrcon  >=< NHMe 3 partial reductive dechlorination with Raney nickel of the
35% a4 O ( resulting 4,4-dichlorinated produd7, and Favorski rear-
2

rangement o#78 furnished 4,5-methanoprolind79 as a
tection of the latter led to 3-(1'/bicyclopropyliden-2-yl)- mixture of theende andexadiastereomers, which could be
alanine ¢64) (Scheme 81, eq #* An essentially analogous  separated afteX-acylation with benzyl chloroformate. 4,5-
set of transformations of (2-methylenespiropentyl)methanol Methanoproline479) has been incorporated into dipeptides
(467), easily accessible from methylenespiropentatEs) of type 480 (Scheme 82), which turned out to be potent
by deprotonation, reaction with carbon dioxide, and reduc- antihypertensive agents and strong inhibitors of the angio-
tion, led to 3-(2-methylenespiropent-1-yl)alaniné69 tensin converting enzyme (ACES
(Scheme 81, eq 24 Enantiomerically pure 4,5-methanoprolir’@) has been
Both amino acidst64 and 469, like unsubstituted bicy-  made available from the-lactam481 (n = 1), which was
clopropylidene and methylenespiropentane, underwent facilestannylmethylated to give the pyrrolidin-2-one derivative
addition of thiols (Scheme 81, eqs 1 and2)The products  trans482 (n = 1) in a mixture with itscis-diastereomer.
465 and 470 resulting from such additions of 2-hydroxy-  Further conversion of each of the diastereomers by reduction
ethanethiol are interesting functionally substituted 3-cyclo- of the carbonyl group and acid-induced intramolecular
propylalanines as well. cyclization yielded the 2-azabicyclo[3.1.0]hexane derivative
The N-methyl derivative 0f464 was obtained by Cu(l)- 483 (n = 1), the hydroxymethyl group of which was
catalyzed addition of bicyclopropylindenylmagnesium bro- desilylated and finally oxidized to provids-tert-butoxy-
mide @71) across thexr-acylaminoacrylaté72to afford the carbonyl-protectedexc4,5-methanoproline eko484) or
protected derivativé73 Deprotection of the latter furnished  ende4,5-methanoprolineehde484), respectively (Scheme
3-(1,2-bicyclopropyliden-2-yl)methylalaninel{4) (Scheme 83, eq 1, only the synthesis of tegaisomer is depicte??’
81, eq 3> A second expedient route to protected enantiomerically
, pure 4,5-methanoproline has been developed starting with
3.3. 4,5-Methanoproline protectedL-pyroglutamic acid485 Thus, reduction of its

4,5-Methanoproline in its racemic form has been prepared ¢rbonyl group, subsequent conversion to the methoxy

from bicyclo[3.1.0]hexan-2-onel75) in a sequence starting hehmlii”g”(?l hca(ljrbamall_te, ng gl_iminationsof_ ?eth?m’l gave
Scheme 82. Syntheses of aanddexo Mixture of ethyl 4,5-dehydroprolinatd8g Simmons-Smith cyclopro-

4,5-Methanoproline and Its Incorporation into Peptides9 pana.tion .Of WhiCh followed by protection of the amino
HFLOH P P functionality yielded protected 4,5-methanoprolih@7 as
2!

H,S0; 1)PCl Cl  RaneyNi an easily separable mixture of thende and the exc

HeoH, <]f>|\ 250,Ch ﬁo' NEb diastereomer (Scheme 83, eq 2). In order to prepare con-

n.r N"So M1 N"o T formationally constrained analogues of the angiotensin
475 4;'6 st converting enzyme (ACE) inhibitor captopril, used for

treatment of hypertension, thende as well as theexo

Cl
<I WGCOZH steps_ @«COZW isomers of the 4,5-methanoproline derivatiy87 were
N“So N n-r N R further converted to the dipeptidd88 (Scheme 83, eq 2).
478 479 480 OH The latter indeed turned out to be highly potent inhibitors
R20,C— " of ACE, even surpassing captopril itséif.

O 4,5-Methanoproline was found to catalyze the Hajos
Parrish-Eder—Sauer-Wiechert reaction. The fact that the



Cyclopropyl-Group-Containing o-Amino Acids

Scheme 84. Syntheses of Substituted 4,5-Methanoproline
Derivatives300-302
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endoisomer exhibits a higher acceleration and selectivity
(86% vyield, 93%e@ than theexaisomer (67% yield, 83%
e has been interpreted on the basis of density functional
theory (B3LYP) computation®?

In analogy to 3,4-methanoprolin84) (see section 2.6),
the 4,5-methanoproline derivativi&7was transformed into
methanoprolinenitrile dipeptide mimetics. The latter were
found to act as highly potent DPP-IV inhibitors with
enhanced solution stability, when they hadiaendce4,5-
methanoproline moiety incorporatéll.

A synthesis of racemic'darboxy-4,5-methanoproline has
been accomplished starting with diethyl 5-hydroxypyrroli-
dine-2,2-dicarboxylate4@9) prepared from diethyN-ben-
zyloxycarbonylaminomalonate and acrolein. Dehydration of
489 afforded the corresponding diethyl dihydropyrrole-2,2-
dicarboxylate190 Rhodium-catalyzed cyclopropanation with
ethyl diazoacetate yielded the 2-azabicyclo[3.1.0]hexane-
2,2,6-tricarboxylatet91 as a mixture of thende andexc
isomers which was partially hydrolyzed and decarboxylated
to give the protected'zZarboxy-4,5-methanoprolind92
This amino acid was further transformed intbcarboxy-
4-carboxymethylpyrrolidin-5-ol lactond93 and was also
applied as a suitable starting material for the synthesis of all
four diastereomers of 4-(carboxymethyl)prolid®4) (Scheme
84, eq 1)300.301

With the intention to develop new congenersoekainic
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prepared. Thus, the protected 4-amino-5-hydroxypentenoate
495 easily accessible from-serine, after removal of the
N-Boc group, was acylated with acryloyl chloride to yield
the amido-1,6-dien&l96, which was treated with in situ
generated trimethyltin hydride, leading to a separable mixture
of three diastereomeric pyrrolidinond®7. Further trans-
formation of the major isomdranstrans497 by reduction

to the O,N-hemiacetal and treatment of the latter with acid
led to the 2-azabicyclo[3.1.0]hexane deriva#h@8 This was
desilylated, the hydroxymethyl group was oxidized, and the
ester as well as the carbamate moiety were hydrolyzed to
yield 3-(carboxymethyl)-4,5-methanoproline in its fully
deprotected forrd99 (Scheme 84, eq 2). The minor isomer
transcis-497 was converted in the same manner to provide
the corresponding 3-carboxymethyl-4,5-methanoproline
transcis-499. Application of the same sequence of trans-
formations to the amidotrien®00 led to the 2-vinyl-
substituted 3-carboxymethyl-4,5-methanoproiod (Scheme

84, eq 3). Biological tests of these 4,5-methanoproline
analogueg99and501with respect to their binding affinities

to ionotropic glutamate receptors showed neither significant
antagonist nor agonist properti&s.

3.4. 5-Nitro-4,5-methanonorvaline
[3-(2-Nitrocyclopropyl)alanine] and Analogues

In 1989, a peptide lactone consisting of eight amino acid
residues was isolated froBtreptomyces griseoflas strain
W 384, and its constitution was assigri€dllt was termed
hormaomycin and found to have an interesting broad
spectrum of biological activities ranging from specific
antibacterial properties and in vitro antimalaria activity to
its action as a signal substance for streptomycetes including
the producing straif®*-3%> Hormaomycin proved to be the
only natural product known up to date having incorporated
the unusual amino acid 3réns2-nitrocyclopropyl)ala-
nine3% Subsequently, the structure including the absolute
configuration of hormaomycin has been fully assigned to
be 502 (Figure 11)3°7 and the biosynthetic pathway of
3-(trans-2-nitrocyclopropyl)alanine from lysine has partially
been clarified®®

To date, two synthetic strategies towatthns3-(2-
nitrocyclopropyl)alanine have been pursued, both utilizing
trans-3-(2-nitrocyclopropyl)methanol as a key intermediate.
Following the first one, enantiomerically puteans3-(2-
nitrocyclopropyl)methanol505)was prepared starting from
readily available enantiopure 2(3+sopropylideneglyceral-
dehyde 188), which was transformed into 4-nitrobutane-
1,2-diol 503 by a one-pot reductive nitromethylation and
subsequent cleavage of the acetal group. Selective protection

O N
0
0
----- N N
o H H )
NH HN

$ HN
0O N3¢
. OH
Hormaomycin

502

acid as probes of glutamate receptors, enantiomerically purerigure 11. The natural product hormaomycin containing two

3-carboxymethyl-4,5-methanoproline derivatives have been

diastereomeric moieties tfans-3-(2-nitrocyclopropyl)alanine.
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Scheme 85. Syntheses tifans-3-(2-Nitrocyclopropyl)- 512 respectively. A notable difference in the solubility
alanine?0s-311 between the diastereomeric product complexes facilitated
1) MeNOy, KF their separation by crystallization. Subsequent decomposition
05(0 iiﬁ;g‘i;f’“” on 1) PhyCCl, Py 0GPh of the complexes, purification by ion exchange chromato-
4) TsOH H:OH 2) MsCl, NEts (EOMS graphy, and crystallization provided access to all four stereo-
CHO  57-59% 70-74% isomers oftrans-3-(2-nitrocyclopropyl)alaninesQ8) in virtu-
(R>-188 503 ° 504 ally enantiopure form (Scheme 85, eq 2, only the syntheses
ON ON COLBu of the (J1S29- and the (51'R2R)-isomers are de-
1)Na,CO3 nBuli( 402 picted)31t
Lso':— 2> co PP:3 2> N'iphz When the reduction afert-butyl 2-nitrocyclopropanecar-
48-51% oH 89-91% - 64-66% boxylate 6100 was carried out with lithium aluminum
(15,28)-505 506-Br deuteride, (2-nitrocyclopropyl)dideuteriomethari]]-505
N“CPh2 NH was obtained, and this could further be converted into
M Hol MZ ) racemic 3,3-dideuteritrans-3-(2-nitrocyclopropyl)alanine
O,N" COLBU g1_gpo, Q2N CO,H ([H]-508).312
(1'5.2'5)-507 (1'5.2'5)-508 Once productive syntheses of enantiomerically pure 3-(2-
veno, V02 Noz nitrocyclopropyl)alanine§08had been established, the first
B”OZC\EBr KoCOs. LiAH, imidazole total synthesis of the depsioctapeptide hormaomycin could
Br 59% CO,Bu 98% 93% be completed!® _
509 510 r;'g_sos Employing esse.ntlally the same key steps as in the most
advanced synthesis 6083 all four stereoisomers dfans
NO, e ex OaN ON.. (2-trifluoromethylcyclopropyl)alanine5( 1-CFs), trans-(2-
(" oY Yf @ (2-fuoromethylorclopromAlanin P were prepared
by 3 X _CO,H and CO,H - -
<|g img%;t ;I: ’ H ’ from the correspondingly substituted cyclopropylmethanols,
1a6.506.1 4%, 96% e6 2%, 99% ee for incorporation into hormaomycin analogués.

(25,1'S,2'S)-508  (2S,1'R,2'R)-508

3.5. 4,5-Methanoornithine

FsC., HF,C., H,FC.,, . .
. o o [3-(2-Aminocyclopropyl)alanine]
CO,H CO,H CO,H Belactosin A513was isolated from a fermentation broth
HoN HoN HoN of Streptomycesp. UCK 14 along with belactosin B14

511-CF, 511-CF,H  511-CFH, (S)-512 (Figure 12), a product apparently stemming frgaactone
cleavage and belactosine C, an analogu&i$ without a
of the primary hydroxy function as a trityl ether and CYClopropyl groupy®Belactosin A was found to be a potent
transformation of the secondary hydroxy group into a Proteasome inhibitor and to mediate cell-cycle progression
mesylate as a better leaving group afford€d, which, by by acting on cyclin-dependent kl_nase c;omplexes which have
a stereoselectively occurringdehydromesylation, gave the 0€€n reported to be present in various tumors, whereas

correspondingrans-configured cyclopropyl derivative. Upon ~ Pelactosin B turned out to be inactive. Thus, belactosin A
cleavage of the trityl ether, enantiopurans-3-(2-nitrocy- exhibitedin vitro antiproliferative and antitumor activity and

clopropyl)methanol 505 was obtained. Conversion of the @ weakin vivo activity which could significantly beatlegnhanced
latter to the bromid&06-Br and substitution of the bromide Y esterification of the carboxylic acid moiety’.

with the lithium enolate of the glycine anion equivaléert- _ A particularly interesting feature of belactosins A and B
butyl (diphenylmethyleneamino)acetat®p) provided pro- IS the presence of the uniqtrns 3-(2-aminocyclopropyl)-
tectedtrans-3-(2-nitrocyclopropyl)alanindg07, which was alanine as the central constituent. The first synthesis of this
further transformed into its fully deprotected for608 amino acid has been accomplished using racenaics 3-

Depending on the enantiomer of the glyceraldehyde deriva- (2-nitrocyclopropyl)methanolréc-509) (for its preparation
tive 188 used, either the ($2'9- or the (IR 2R)-isomer see section 3.4, Scher_ne 85) as the key |nterm_ed|ate.
of trans-3-(2-nitrocyclopropyl)alanine508 was obtained, ~ Hydrogenation of the nitro alcohd05 gave the amino
however, both as inseparable mixtures of diastereomers@/cohol 515 which was converted into its protected form
(Scheme 85, eq 1, only the synthesis of tH&@LS)-isomer 516, and this was subsequently transformed into the iodide

is depicted)09310 517 of limited stability. Alkylation of a glycine anion
trans-3-(2-Nitrocyclopropyl)methanoBQ6) in its racemic 0.0
form is more easily accessible than the pure enantiomer. The J\H/H . N
bromine adduc609 of tert-butyl acrylate was converted to HoN I \gHv Wg
2

tert-butyl trans-2-nitrocyclopropanecarboxylate510 by
base-induced 1,2-dehydrobromination, Michael addition of Be'aggossi"A
nitromethane, and 1,3-dehydrobromination. Chemoselective

reduction of the ester group BLO provided racemitrans H 4 OH
3-(2-nitrocyclopropyl)methanol#c-505).31%-311Subsequent H NJ\(NY NG A
treatment ofrac-505 with iodine/triphenylphosphine in the “ 4 cosz/ O CoMe
presence of imidazole furnished racentians-1-(iodo- Belactosin B
methyl)-2-nitrocyclopropaneac-506-1, which was employed 514

to alkylate the enolate of the chirally masked glycine moiety Figure 12. The natural products belactosin A and B containing a
in the (8- and R)-configurated Belokon nickel(ll) complex  3-(2-aminocyclopropyl)alanine moiety.
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Scheme 86. Syntheses t¢fans-3-(2-Aminocyclopropyl)-
alanine?35.319,320
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equivalent with the iodid&17 and subsequent removal of
all protecting groups furnished racentians-3-(2-aminocy-
clopropyl)alanine ac-519 isolated as a mixture of two
diastereomers resulting from the lack of stereocontrol for
the newly formed stereogenic center at thearbon atom

in 519(Scheme 86, eq F}? As (nitrocyclopropyl)methanol
(505 is also available in enantiomerically pure foP#i31°
this preparation offers an approach to enantioftans-3-
(2-aminocyclopropyl)alanine59), however, as a mixture

of two diastereomers. An analogous transformation of 3,3-

dideuterio-(2-nitrocyclopropyl)methanofk],]-505) obtained
by reduction oftert-butyl 2-nitrocyclopropanecarboxylate
(510 with lithium aluminum deuteride provided access to
3,3-dideuterdrans-3-(2-aminocyclopropyl)alaning?

A fully stereocontrolled synthesis tfans-3-(2-aminocy-
clopropyl)alanine §19) has been achieved starting with a
Horner—Wadsworth-Emmons cyclopropanation of the enan-
tiopure glycidol benzyl etherR)-520 to provide ethyl
2-(benzyloxymethyl)cyclopropanecarboxylas (). Hydro-
lysis of the ester group in the latter followed by Curtius
degradation of the acid, biN-tert-butoxyoxycarbonyl pro-
tection, and removal of the benzyl group affordedR(2 R)-
(aminocyclopropyl)methanol in its protected forBR2
Transformation of the latter to the iodide and application of
this to alkylate the O’'Donnell glycine anion equivaleii2
in the presence of a chiral cinchonidinium or cinchonium
catalyst, respectively, led to control of the configuration at
the a-carbon atom, and after hydrolytic removal of all
protecting groups, virtually enantiopure R2A'R,2R)- or
(2S5 1'R,2R)-3-(2-aminocyclopropyl)alanine5(9), respec-

tively, depending on the catalyst used, was obtained (Scheme

86, eq 2)3%°
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Besides, the protected' R 2 R)-(aminocyclopropyl)meth-
anol522 could be oxidized to the corresponding 2-aminocy-
clopropanecarboxylic acicb23 which was used for a
dicyclohexylcarbodiimide-mediated coupling with the as-
partic acid-derived peracib6 (see section 3.1, Scheme 79
for an analogous preparation), providing the diacyl peroxide
524. Photolysis of524 afforded optically pure, protected
(251'S2 9-3-(2-aminocyclopropyl)alaning25 (Scheme 86,
eq 3) in a mixture withO-[(2-aminocyclopropyl)carbonyl]-
serine (41%, structure not depict&ePAll four sterecisomers
of trans-3-(2-aminocyclopropyl)alanine5¢9 have been
synthesized from the corresponding©@S29-, (2STR2R)-,
(2R1'S29-, and (R,1'R 2R)-3-(2-nitrocyclopropyl)alanines
(508), respectively, (see section 3.5) by catalytic hydrogena-
tion (91-95% yield, 96-99% e€).32!

trans-3-(2-Aminocyclopropyl)alanine 519 and an ap-
propriately protected alanyl peptide of it have served as the
key building blocks in the two so far developed total
syntheses of belactosin #2323 In addition, trans-3-(2-
aminocyclopropyl)alanine5(9) has been used for feeding
experiments wittstreptomyces griseoflasstrain W384, in
which it turned out not to be a suitable substrate for
hormaomycin synthetasé?

3.6. 3,4-Methanoglutamic Acid and Derivatives

3.6.1. 4,5-Methanohomoglutamic Acid
[3-(2-Carboxycyclopropyl)alanine]

A synthetic route to all four diastereomers pf3-(2-
carboxycyclopropyl)alanine started with protection of the
amino group and esterification ofallylglycine [(R)-526).
Subsequent rhodium-catalyzed cyclopropanation using ethyl
diazoacetate provided a mixture of all four possible diastereo-
mers, therans andcis-isomers R)-trans-527 and R)-cis-

527, which could be separated by chromatography. Further
separation of the twirans or cis-isomers required a seven-
step transformation, involving conversion into a paraform-
aldehyde-derived oxazilidinone and derivatization viRt(—
)-a-phenylglycinol in order to obtain a separable mixture of
diastereomers finally leading to all four stereocisomerszif
in diastereomerically and enantiomerically pure form (Scheme
87).324
Scheme 87. Synthesis of 3-(2-Carboxycyclopropyl)alani?é
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A pharmacological evaluation &27 toward ionotropic

glutamate receptors showed that, out of the four diastereo-

mers, the (R,1'S2 S-isomer as well as bottransisomers
of 527 exhibited agonist-type properties at tNemethyl-p-
aspartate (NMDA) binding site whereas theR(PR,2'R)-

Brackmann and de Meijere

the lithium enolate of which underwent a diastereoselective

reaction with tert-butyl 2-(tosylmethyl)acrylate to yield
compound533 Subsequent cyclopropanation with diazo-
methane in the presence of palladium acetate and final
hydrolysis gave rise to 3-(1-carboxycyclopropyl)alanib@lj

isomer acted as an antagonist. All of the four stereoisomersin its fully deprotected form (Scheme 88, eq®®.

interacted weakly with the kainate (KA) binding site, but
none of them with thea-amino-5-hydroxy-3-methyl-4-
isoazole propionic acid (AMPA) binding sifé?
In this context, mixtures ofrans and cis-isomers oft-
as well asp-3-(2-carboxycyclopropyl)alanine have been
prepared and studied with respect to their interaction with
ionotropic glutamate receptors, t&®.
3-(2-Carboxycyclopropyl)alanine527) has also been
prepared, in better overall yield, by alkylation of O’'Donnell's
glycine equivalent with methyl 2-(iodomethyl)cyclopropane-

carboxylate and subsequent hydrolysis (see Scheme 86, e
1, for an analogous sequence employing an (aminocyclo-

propyl)methyl iodide}*? Both, 3-(2-carboxycyclopropyl)-
alanine b27) as well as 3-(2-methoxycarbonylcyclopropyl)-

alanine have been incorporated into Hormaomycin analogues,_ . L .
P y 9 faciens Erwinia amylaora, and Xanthomonas campestris

As toxicity to bacteria was reversible by addition of

by precursor-directed biosynthegis.

3.6.2. 4,4-Ethanoglutamic Acid [3-(1-Carboxycyclopropyl)-
alanine]

3.7. Other Substituted 4,5-Methanoamino Acids

During a search for novel plant growth regulators in the
mushroom Amanita castanopsidisHongo, employing a
lettuce seedling assay, 2-amino-3-cyclopropylbutanoic acid
(536) (Scheme 89) was isolated, and its absolute configu-
ration at theo-carbon was determined to be&sdy CD
spectroscopy?® Later on,536 was reported to be present
also inAmanita coker#?® Growth experiments pointed out

e capability 0f536to substantially inhibit root elongation
in lettuce seedlings, while hypocotyls elongation and ger-
mination stayed unaffecté®® Besides536was found to be
toxic to the fungusCercospora kikuchji the arthropod
Oncopeltus fasciatysnd the bacteriAgrobacterium tume-

isoleucine, 2-amino-3-cyclopropylbutanoic ackB@) was
considered to be an isoleucine antimetabdfite.
The configuration of the naturally occurrifig6has been

A remarkably short synthesis of enantiomerically pure ,sgigned as®3Sthrough its diastereo- and enantioselective
3-(1-carboxycyclopropyl)alanine has been developed Start'ngsynthesis employing a chelatenolate Claisen rearrange-

from protected pyroglutamat&®8. Thus, the lithium lactam

enolate of528 was first treated with Eschenmoser’s salt to
yield the corresponding 4-(dimethylamino)methylpyrogluta-
mate, which was transformed with methyl iodide to the

ment as the key step. Thus, [3,3]-sigmatropic rearrangement
of the (E)- or (2)-prop-1-enylglycinate$34, respectively,
gave either thesyn or the anti-diastereomer of the 1-me-
thylallylglycine derivative535 each of which was submitted

quaternary ammonium salt, and the latter was subjected 10y nalladium acetate-catalyzed cyclopropanation of its double

Hofmann elimination to furnish the protected 4-methylene-
pyroglutamate529. Palladium acetate-catalyzed cyclopro-
panation of529 with diazomethane yieldel-tert-butoxy-
carbonyl-protected spirocyclopropanated ethyl pyroglutamic
acid 530 which was fully hydrolyzed to 3-(1-carboxycy-
clopropyl)alanine %31) (Scheme 88, eq Ff¢ Partial hy-
drolysis of N-tert-butoxycarbonyl-protected spirocyclopro-
panatedert-butyl pyroglutamic acid prepared in analogy to
530 has also been describ&d.Additionally, the cyclopro-
panation of protected 4-benzylidenepyroglutamic acid has
been examined and was found to give a mixture of all four
diastereomers of (2-phenylspirocyclopropane)pyroglutamic
acid derivatives?’

Compound531 has also been prepared starting from the
commercially available enantiopure glycine derivatba?,

Scheme 88. Syntheses of 3-(1-Carboxycyclopropyl)alanitié

1) LiN(SiMes),
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bond with diazomethane. Subsequent hydrolysis afforded
syn and anti-2-amino-3-cyclopropylbutanoic acii36, re-
spectively (Scheme 89, eqs 1 and®®).

Scheme 89. Syntheses of 2-Amino-3-cyclopropylbutanoic

Acid331
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An enantioselective synthesis 0f339)-536has been ac-
complished by silyl-assisted[3,3]-sigmatropic rearrangement
of the enantiopure 1-silyl-substitutedZj2but-2-enylglycinate
(9,(2)-5380btained by esterification of glycine with thg){
propargyl alcohob37and reduction of the triple to a double
bond. Concurrent removal of the protecting groups, cyclo-
propanation, and hydrolysis yielded virtually enantiomerically
pure (&539)-2-amino-3-cyclopropylbutanoic acid [B39)-
536, the configuration of which was found to be identical
to that of the natural product (Scheme 89, e§®3).

A one-step synthesis of protected 3-cyclopropylserine in
its racemic form has been achieved by reaction of the lithium
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Scheme 90. Syntheses of 3-Cyclopropylserine of the acetal moiety in the latter, tosylation of the primary
Derivatives?32-335 hydroxy function, conversion of the tosylate to an iodide,
o} LDA OH 0O OH O and protection of the secondary hydroxy group gave the
l)kOBn CprCHO_ v)\(lkOB“v/f\l)LOBn ) allylsulfone 547. Subsequent base-induced ring closure
NBn, 67% NBn, NBn, diastereoselectively provided thans-1,2-disubstituted cy-
539 syn-540 anti-540 clopropane derivativeé48 which underwent Michael addi-
~ tion of the lithiated enantiopure bislactim ett&84to form
(EtN)Ti,  OMe MeO. 549 with virtually complete diastereoselectivity. Reductive
N 9 jl/\|N removal of the sulfonyl group fron®49 and subsequent
>' """ SZN * HJ\(\Rz 75 85% N OMe hydrolysis completed the preparation of enantiomerically
MeO R! R’ OH pure 5-hydroxy-4,5-methanoisoleucine isolated as its methyl
4 542 2" 543 ester550 (Scheme 91). The energetically favored minimum
~" energy conformation d#50in its fully deprotected form has
Ezn  MeO AcHN.__CO,Me been shown to mimic the pharmacologically relevant ex-
1,CHR® \|N|/\| 2 steps R' @ tended conformation of glutamate; however, pharmacological
52-80% 1 OMe o g59, A~ TOH characterization of 5-hydroxy-4,5-methanoisoleucine has not
R -
de68->98% % ~op RO been described yé&t®
R R'3=H, Me, Ph

‘R 544 545

enolate of benzyN,N-dibenzylglycinate $39 with cyclo- ' . S
propanecarbaldehyde, providing a separable mixture of the With regard to the synthesis of an inhibitor and a
syn and theanti-diastereomers of benzjl,N-dibenzyl-3- ~ Mechanistic probe of prolyl 4-hydroxylase, the 5-spirocy-
cyclopropylserinate540) (Scheme 90, eq 1). The diastereo- clopropanated prolin&55was synthesized with the spiro-
meric mixture of540served as the starting material for the CYClOpropane to serve as a free radical clock. Toward that
synthesis of protected cyclopropylalaninol, the kinetic resolu- €Nd: the phosphonohex-5-eno&f, available by alkylation
tion of which was studied by applying the-J-sparteine- of triethyl phosphonoacetate with 4—bromo—1—buter]e, was
controlled deprotonationreprotonation sequené& transformed to 1-(3-butenyl)cyclopropanecarboxylic acid
The titanium-coordinated 2,5-dihydropyrazwlderived (999 by reaction with oxirane, according to a Hornrer

from the corresponding lithum-coordinated 2,5-dihydropy- EMmons procedure and subsequent hydrolysis. Curtius
razine turned out to be a versatile template for the synthesisdegradation of the acid functionality furnished 1-(3-butenyl)-

of several 3-cyclopropylserine derivatives endowed with @minocyclopropan&ss isolated in its benzyloxycarbonyl-
substituents on the cyclopropyl moiety. The intermediae ~ Protected formb53 Formation of the pyrrolidine ring was
can easily be prepared by regioselective deprotonation c)]cachl_eved upon e_pOX|dat|on B653with trifluoroperacetic acid
the corresponding 2,5-dihydropiperazine withutyllithium to yield the 2-spirocyclopropanated 5-hydroxymethylpyrro-
and subsequent transmetallation. Employing this so-called!idine 554 Final Jones oxidation of the hydroxymethyl to
“bislactim ether method”, the titanium reageBtl was the_ carboxy_llc acid functlonallty_ and deprotection of the
treated witho,B-unsaturated aldehyd&é2, which underwent ~ @mino function affgrded the 5-spirocyclopropanated proline
1,2-addition to each give a single diastereomer of the 2,1 925 (Scheme 92j;

synadduct 543 Cyclopropanation of the latter with di-  Scheme 92. Syntheses of 5-Spirocyclopropanated
iodomethane or diiodophenylmethane in the presence ofproline22:.337

diethylzinc proceeded with moderate to excellent diastereo- o 1) NaH

4. Miscellaneous

selectivities and led to the corresponding cyclopropane  (to),P oxirane ,
X . . . 2) KOH __ Curtius —
derivatives544 with up to three newly created stereogenic Etom —_— —_—
centers. Hydrolysis of compoundst4 subsequent tdD- st 7%  50M 4w NHZ
acetylation affordedN-acetylated methyl 2-amino-4,5-
methano-3-hydroxyalkanoatB45 each obtained in virtually D S sion
enantiomerically pure form after recrystallization (Scheme CF4C0,0H 2MeSil VO\
90, eq 2)3333% R N N~ ~CO.H
' ' 61% Z  OH H
Scheme 91. Synthesis of Enantiomerically Pure 554 853
5-Hydroxy-4,5-methanoisoleuciné® Applying the synthetic sequence used for 3,4-methano-
o l proline @84), starting from the lactam83 (see section 3.3,
;g ey Py OMOM OMOM Scheme 83, eq 1), to the corresponding ring-expanded lactam
3) Nal _ 556 provided access to th&l-Boc protected 5,6-metha-
\ 4) MOMCI \ NaN(SiMeg), £V, . : . a7
— | nopipecolic acicb57 (Scheme 93
SO,Ph  66% SO,Ph  91%
(S)-546 547 dr955 548 SO.Ph Scheme 93. Preparation of 5,6-Methanopipecolic Acid’
MeQ
nBuLi, {T ¥ . {OH Sstepy. Stips n):i:(j\
= onade <G ooy 07N 0% N"~COH
284 OMe \ 2) HCl \_ﬁl 2\ie Boc Gsiph,tBu Boc
95% { 7% S 5% 57
SOZP"M;’ME 550 Following an analogous set of transformations as described

for the synthesis of the protected cyclopropylalani#is
A synthetic access to 5-hydroxy-4,5-methanoisoleucine from the diacyl peroxidé27 (see section 3.1, Scheme 76),
starts from the enantiopure allyl sulfon§-646 Cleavage the glutamic acid-derived diacyl peroxi8&8was prepared
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Scheme 94. Preparation of 5,6-Methanonorleucirfé® 5 _/<0 .
NHBoc o} NHR! NS
o hv er_(}
Rozc/'\/\[( ‘o% Rzozc)\/w 7NN
I 53-58% EoH
558 R =Bn, tBu (S)-559 5674 567b 2
and photolyzed to yield 5,6-methanonorleucine (2-amino- o OCH.CON HH o OCH.CON HH
4-cyclopropylbutanoic acid)569 (Scheme 94335 Sa® N\2<] =]
Three diastereomeric cyclopropyl-group-containing Z- o t o.8n o] o
protected 2,3-dehydroamino acids have been prepared by 568 7 569 7
Horner-Wadsworth-Emmons alkenation of methyl 2-formyl- Ph PO hy
NG X

cyclopropanecarboxylatés§0) with methyl £)-amino(di-
ethoxyphosphono)acetate. The condensation withcthe
configured aldehydecis-560 gave thecis-(2)-configured
cyclopropane-containing dehydroamino agist(Z)-561 dia-
stereoselectively, whered&isans-560 afforded a mixture of
trans-(E)- andtrans(Z)-561 (Scheme 95§38.339

Scheme 95. Stereoselective Synthesis of
Cyclopropyl-Containing 2,3-Dehydroamino Acid?38.339

H
2 N N SH
(EtO),P._CO,Me H LN H
NHZ NHZ o] O” "NH
VAN LDA. VAN 573 CO,H Me
MeO,C™  ™CHO 61% MeO,C*" ™% ~CO,Me HO,C "
cis-560 cis-(2)-561 o)
2 OH Y D
(EtO),P__CO,Me NHZ HoN 574a X=H,Y=D
A LDA, NHZ M 574b X =D, Y =H
MeO,C™  “CHO 61% MeO,C ™ CO,Me O H
E:Z=28:72 :

trans-560 trans-(E)- and trans-(Z)-561

The orthogonally protected 6,6-ethanolysis@5 corre-
sponding to 5-(1-aminocyclopropyl)norvaline, a cyclopropyl-
group-containing analogue of lysine, has been prepared from
the 4-(3-hydroxypropyl)oxazolidinon®62 derived from
glutamic acid. The alcohol was transformed to the iodide
and the latter used to alkylate triethyl phosphonoacetate to
furnish phosphonoacetaf3 which was used to cyclopro-
panate oxirane and yield the correspondingly 1-substituted
ethyl cyclopropanecarboxylate. Subsequent hydrolysis of the
ethyl ester, Curtius degradation of the acid to the amine,
isolated in itsZ-protected form, and oxidation of the liberated
hydroxymethyl to a carboxyl group afforded 5-(1-aminocy-
clopropyl)norvaline in its protected for®65 (Scheme 96).
This lysine analogue was cyclized and further functionalized
to the spirocyclopropanatadamino<-caprolactam deriva-
tive 566 (Scheme 96), which can be regarded as a confor-
mationally constrained dipeptide surrogéte.

Scheme 96. Steroselective Synthesis of a Cyclopropyl
Analogue of Lysine, a Cyclopropyl-Group-Containing
o,e-Diamino Acid, and an e-Caprolactam Derived from It 340

Il
1) 12, PPhy P(OE).
imidazole
2) (Et0),POCH,CO,Et,

NaH

L —

0,
o 82%
BocN7k
562

Et0,C CO,Et

2 NaH,
toluene

Q
£\, EtOH
—_—

54% o
BocN7Q
564

OH

6]
BocN7§
563

NHZ

1) NaOH

2) Curtius

3) oxidation 3 steps BocN N7
CO:M 0C

17% ° 20% H 0 Cout
NHBoc

565 566

The outstanding antibacterial activity of penicillins and
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Figure 13. Cephalosporin analogues (cephams) and penicillin
analogues (penams) with an incorporated 3,4-methanoamino acid
moiety 341347
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on chemical modifications of such azetidinone antibiotics.
In this context, severa-lactams, which formally imply a
substituted 3,4-methanoamino acid moiety, were synthesized
and to some extent investigated with respect to their
biological activities.

Among these compounds, the cephalosporin analogue
567a and its epimer567b have also been inaccurately
referred to as 2,3-methylenecephams (Figure 13). Com-
pounds567a and 567b both exhibited activities against
Staphylococcus aureu®acillus subtilus Sarcina lutea
Proteuswvulgari, andEscherichia coliand the diastereomer
567b consistently showed slightly better activit}.

The spirocyclopropanated analogs@8 of penicillin was
prepared as a mixture of C-3 epimers. Th§{8terecisomer
of these was further transformed into the free &&6® as
well as the derivative570 (Figure 13). The antibacterial
activity of the acid569was found to be comparable to that
of penicillin V. The penam analogug70 had activities
against Gram-positive and Gram-negative bacteria similar
to that of ampicillin while being slightly more stable than
ampicillin toward staphylococcd-lactamase, indicated by
a superior activity againsBtaphylococcus aured® Ad-
ditionally, the spirocyclopropanated cephalospobiidand
572 (Figure 13) have been synthesized; however, their
biological activities have not been reported $ét.

The spirocyclopropanated cephalosporin analo§iad
(Figure 13) was prepared and evaluated as a substrate for
deacetoxy-deacetylcephalosporin C synthetase. In this con-

cephalosporins has initiated numerous investigations focusingtext, compound73was shown to be the first example of a
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OMe penams. Among these derivatives were the cyclopropane-

1= 2 =
R1°°Nj;(8 376 R' = ooy RZ = OAG annelated compound81—584 (Figure 15), which formally
7 P ez STTR'=Me © R?=0OAc correspond to a-lactam containing a 4,5-methanoamino
CO,H acid. The oxopyrrolizidinecarboxylic aci&81—584did not
Ho, W H HO HH show any antibacterial activity when tested on a panel of
T ) T p bacterial strains, but the antibacterial activity of the antibiotic
N N ceftazidine against somelactamase producing strains was
578a CO;Na 578 CO2Na improved in the presence of the carbapenam and carbapenem
0 o) mimics 581—584.3%!
OH OH
HoN - HoN e .
o o 5. Conclusions
H HHg Hypoglycine A, first isolated from ackee fruits and
Hj:\s” NTT identified some 50 years ago, represents the first 4,5-
O” "NH 7 methanoamino acid ever found in nature. Fifteen years later,
579 Hogc‘"‘% 580 CO,H the first 3,4-methanoamino acid was isolated from lychee

Figure 14. Cephalosporin analogues (cephams) and penicillin seeds in the form of 3,4—methan0prollne, and since th_en, more
angalogues (pengms) WFi)th an incor;?orate((j 4,%- or 5,)6-methF;;moaminothan ten naturally occurring 3,4- and 4,5-methanoamino acids
acid moiety344:348-350 have been identified.

Concomitantly with the isolation of hypoglycine A, the
cyclopropyl-group-containing cephalosporin which served as first synthesis of a 3,4-methanoamino acid was performed
a substrate for a non-heme 'fe-ketoglutarate dependent by the preparation of cyclopropylglycine, but until about 20
oxygenasé years ago, the syntheses of both 3,4- and 4,5-methanoamino

With the intention to provide evidence for an insertion ~ acids rarely stirred the interest of organic and medicinal
homolysis mechanism for the carbesulfur bond formation ~ chemists. This situation changed dramatically with the
in penicillin biosynthesis, stereospecifically labeled tripep- discovery of the outstanding pharmacological properties of
tides574a~f (Figure 13) were prepared and incubated with 3:4- and 4,5-methanoamino acids, the most remarkable
isopenicillin N synthetase. These experiments support theexample of which is the detection of 2-(2-carboxycyclopro-
stepwise and ultimately radicaloid nature of the carbon PYglycine to act as a potent glutamate receptor ligand. As
sulfur bond formation in the process of the second ring represented by a vast number of publications, this discovery
closure of penicillin biosynthesfds-347 evqked enormous efforts toward the develo.pmen't of_ con-

Besideg3-lactams which imply a substituted 3,4-methano- Vvenient syntheses of 3,4- and 4,5-methanoamino acids in their
amino acid moiety, severtactams formally having incorp- ~ racemic and particularly in their enantiomerically pure forms.
orated a 4,5-methanoamino acid moiety were synthesizedThus, syntheses of a whole range of stereodefined, structur-
and evaluated with respect to their biological activities. Thus, ally rather complicated 3,4- and 4,5-methanoamino acids
the spirocyclopropanated cephalosporin analo§iés 577 bearing several functionalities have been accomplished.
(Figure 14) were prepared and claimed to be biologically However, up to date their preparations often imply multistep
active; however, these activities have not been specified.  réaction sequences and require individual approaches for

The synthetic cyclopropyl-group-containing carbapenam different stereoisomers or time-consuming separations pre-
578aand its epimeb78b(Figure 14) both showed significant ~ venting large scale syntheses. _
antibacterial activities against Gram-positive and Gram- _ Thus, 3,4-and 4,5-methanoamino acids have been elevated

negative microorganisms, wiiz8abeing the more potent ~ from nature-made structural curiosities via synthetic chal-
one349 lenges for organic preparative chemists to highly valuable
The tripeptides79 (Figure 14) was prepared for incubation pharmacolog|ca_1l tool_s. The appllcatlons of these entities and
with isopenicillin N synthetase to prove the hypothesis that Structural principles in drug discovery will certainly pose
a carbon-centered free radical or an equivalent iron-carbonfurther challenges and offer chances for medicinal and
bonded intermediate is involved in the carbaulfur bond ~ Synthetic organic chemists in the near and possibly longer
formation during the penicillin biosynthesi®. future.
Additionally, one example of a cephalosporin which has
formally incorporated a 5,6-methanoamino acid moiety is 6. Acknowledgments
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