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Preface

Why yet another volume in the series “Small Ring Compounds in Organic
Synthesis” after five previous ones (Vol. 133, 135, 144, 155, 178)? Well, small ring
chemistry is still flourishing, and probably even more than ever, at least as far
as the applications of small rings in Organic Synthesis are concerned. Such
applications range from total syntheses of cyclopropyl group containing natural
products and non-natural biologically active compounds or compounds with
other important properties (e. g. liquid crystalline) via syntheses of cyclopropyl
analogues of natural and non-natural physiologically active compounds,
e.g. peptidomimetics, to the use of cyclopropyl groups as reactive subunits in
so-called composite functional groups.

Thus, the first contribution in this current volume by J. Salaiin is to provide
an insight into the wide range of biological activities of cyclopropyl containing
compounds. Two articles which originate from the editor’s own writing, are
to present up-to-date comprehensive reviews on the multiple applicabilities of
two multifunctional small ring building blocks (methyl 2-chloro-2-cyclo-
propylideneacetate and bicyclopropylidene - which have been developed in
the authors’ own laboratory) in Organic Synthesis. The fourth contribution by
K. Narasaka and N. Iwasawa for the first time summarizes a striking new
synthetic approach to cyclopentenones from easily accessible 1-ethynylcyclo-
propanols, which nicely complements other cyclopentenone syntheses. This
report provides one more example of a synthetic method which derives from the
reactivity of the carbocyclic three-membered ring.

The authors, the editor and the publisher express the hope that this latest
volume “Small Ring Compounds in Organic Synthesis” just like the previous five
will help to stress the ever-increasing importance of cyclopropane chemistry
and stir new interest in its multifold applications.

Gottingen, September 1999 Armin de Meijere
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Cyclopropane Derivatives and their Diverse Biological
Activities

Jacques Salaiin

Laboratoire des Carbocycles (Associé au CNRS), Institut de Chimie Moléculaire d’Orsay,
Bat. 420, Université de Paris-Sud, F-91405 Orsay, France. E-mail: jasalaun@icmo.u-psud.fr

Natural and synthetic cyclopropanes bearing simple functionalities are endowed with a large
spectrum of biological properties ranging from enzyme inhibitions to insecticidal, antifungal,
herbicidal, antimicrobial, antibiotic, antibacterial, antitumor and antiviral activities.

The simple 2-substituted 1-aminocyclopropanecarboxylic acids (ACCs) are currently at-
tracting special attention because of their potential use in conformationally restricted pep-
tides, providing biosynthetic and mechanistic probes. As the immediate biosynthetic precur-
sor of ethylene, the phytohormone that initiates and regulates many aspects of plant growth
(germination, inhibition, senescence, fruit ripening, etc.), the parent ACC, structurally related
to glycine, is a potent and selective ligand of the glycine modulation site coupled to the
N-methyl-p-aspartate (NMDA) receptor, one of the four different receptors that mediate the
action of the excitatory amino acids (EAA) in the brain transmitter systems; thus, such amino
acids have also been proven to be useful in neurochemical studies. The mechanisms respon-
sible for the diverse specific biological activities of compounds containing three-membered
carbocyclic moieties are also being discussed.

Keywords: Cyclopropanes, Methanoamino acids, Enzyme inhibition, Drug design, Biomecha-
nisms
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Introduction

The cyclopropane ring, due to its unusual bonding and inherent ring strain
(27.5 kcal/mol) is unique among carbocycles in both its properties and reactions
[1]. Therefore, cyclopropane-containing compounds are of great general inter-
est, particularly to synthetic organic chemists and to bioorganic chemists.

Thus, cyclopropane derivatives provide building blocks of unprecedented
synthetic potential [2]. Moreover natural and synthetic cyclopropanes bearing
simple functionalities are endowed with a large spectrum of biological pro-
perties ranging from enzyme inhibitions to antibiotic, antiviral, antitumor and
neurochemical properties [3]. Present in animals, plants and microorganisms,
or generated transiently in primary and secondary metabolisms, they provide
convenient biological probes for mechanistic studies and allow the design of
new drugs [4]. The aim of this article is to review the diverse biological activities
of compounds containing three-membered carbocyclic moieties, and to indicate
when the introduction of a cyclopropane ring will improve the overall biologi-
cal potency.

2
Mechanisms Responsible for the Bioactivities of Cyclopropane Derivatives

2.1
Addition to the Cyclopropane Bond

Because the reactivity of a cyclopropane closely resembles that of an olefinic
double bond [2], haloperoxidases (chloroperoxidase from Cadariomyces
fumago, bromoperoxidase from Penicillus capitalus) add readily to the ring of
cyclopropanes 1a,b in the presence of halide ions and hydrogen peroxide to

Haloperoxidase R X
D_R YV
HO (1)
1a R=Me 2a,b (X =Cl, Br)

b Ph
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provide a, y-halohydrins 2a, b. The enzyme-mediated cyclopropane ring-open-
ing follows the Markovnikov rule, with the halogen going to the least substituted
carbon and the hydroxyl group going to the carbon with substituents best able
to stabilize a positive charge, Eq. (1) [5].

2.2
Enzymatic Oxidation

Cyclopropanes have been used to test the reactivity of oxidizing enzymes. Thus,
while the monooxygenase enzyme from Methylococcus capsulatus oxidizes
cyclopropane 3 to cyclopropanol 4, on the other hand methylcyclopropane 1a is
oxidized to cyclopropylmethanol 5, also without ring opening, Eq. (2) [6].

D Monooxygenase [> OH

3

4
Monooxygenase
1a [>—cH,oH
5

(2)

2.3
One-Electron Oxidation Processes

Pyrroloquinoline quinone (PQQ) (or methoxatin) 6 is a coenzyme, responsible
for the oxidation of methanol [7]. It has been found that cyclopropanol 4 inac-
tivates the enzyme from M. methanica [8], the dimeric methanol dehydrogenase
and the monomeric enzyme from a Pseudomonas PQQ-dependent methanol de-
hydrogenase [9] by forming adducts such as 7, through a one-electron oxidation
process and the ready ring opening of a cyclopropyloxonium radical, Eq. (3)
[8,9].

COOH
cooH N \
= 4
~ ¥ (3)
Hooc” N o
o}
PQQ 6 -

CHO

A flavoprotein oxidase, which is also a methanol oxidizing enzyme, was in-
hibited by cyclopropanol 4 through the formation of a N-5 flavin adduct with
a ring opened cyclopropyloxy radical [10].

The N-benzyl-1-methylcyclopropylamine 7 is an irreversible inhibitor of the
mitochondrial flavoenzyme monoamine oxidase (MAO). It was suggested that
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MAO oxidizes amine substrates also by a one-electron route via the cyclopropyl-
amine radical cation 8 which undergoes ready ring opening to the iminium
radical cation 9 [11]. Then capture by a flavin radical, may cause the enzyme
inactivation [12]. This mechanism was established by labeling experiments,

Eq. (4) [13].
.
- . D<+_ - . _>=NH-C Hs-Ph (4)
NH-CH,-Ph NH-CH,-Ph
7 8 9
2.4

Two-Electron Oxidation Processes

The bioactivity of the trans-2-phenylcyclopropylamine 10 (tranylcypromine)
which is also a potent inhibitor of MAO and an efficient, albeit dangerous tran-
quillizing drug, would result of a net two-electron oxidation process leading to
the cyclopropyliminium ion 11, which then undergoes nucleophilic substitution
by a thiol group of cysteine yielding 12, Eq. (5) [14].

Ph. Ph, Ph
g ¢ + HSEnz " NH,
[>—nv, D=, — X 06
SEnz
10 11 12

Likewise, inactivation of MAO by N-cyclopropyl-N-(arylakyl)amines 13a, b
has been shown to involve the iminium ions 14a, b which could accumulate to
form the flavin adducts 15a,b Eq. (6) [15].

RH,C - HNWB
0

+ Flavin N
[>-=NH -CH,R I:[ m (6)
N o

[>—NH-CH2R
|

13a R = Phenyl 14ab
b Indolylmethyl ' 15a,b

25
Nucleophilic Substitutions

The fruiting body of the inky cap mushroom Coprinus atramentarius, Bull. (Ba-
sidiomycetes) is apparently non-toxic when eaten alone, but induces in humans
and in experimental animals an over-sensitivity to ethanol [16].

The effect is mainly due to the inhibition of NAD*-dependent aldehyde dehy-
drogenase (ALDH) which causes an accumulation of acetaldehyde in the body
after ethanol ingestion [17]. The compound responsible for the physiological ac-
tivity of C. atramentarius is coprine 16, a N°-(1-hydroxycyclopropyl)-L-glutamic
acid amide which has been isolated and synthesized, [16 a,b]. Thus, when fed
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with a combination of mushroom and ethanol, rabbits exhibit a drop in blood
pressure [18] and mice show a significant increase in their blood acetaldehyde
level [19], while ethanol alone has a negligible effect. 1-Aminocyclopropanol
ACP-17, the hydrolysis product of coprine 16 formed under acidic conditions or
by glutaminase enzymes in mammals and in bacteria, is in fact the actual in-
hibitor in vivo and in vitro of ALDH, Eq. (7) [17].

OH NH, OH
D ~Acoom > @)

NHCO NH,

16 ACP 17

However, the hemiaminal 17 is unstable as a free base and readily undergoes
exchange reactions. Since the hydroxy moiety of 17 is more easily displaced than
the amine moiety, a highly reactive cyclopropyliminium salt 18 is formed, which
then reacts with weak nucleophiles such as ethanol, to give e.g., 19. Otherwise in
water solution 17 can also probably eliminate ammonia to form the highly reac-
tive cyclopropanone 20, which is in equilibrium with its hydrate 21 and hemi-
acetal 22, Eq. (8) [20]. It has been reported that hydrate 21 is also a potent in-
hibitor of ALDH [20,21].

+ EtOH OFEt
-H,0 [}NH2 _ "
2
/ 18 19
Ho0
ACP 17 (8)
\NHg
NHs H.O OH EtOH OH HS-Enz OH
OH OFEt S-Enz
20 21 22 23

It has been suggested that the inhibition of ALDH by ACP 17 starts with an in-
teraction between the amino group of 17 and the cysteinyl thiolate side chain of
the enzyme to form a modified holoenzyme, or that the enzymic reaction may
either proceed through the cyclopropanone 20 yielding 24a or through the imi-
nium ion 18, yielding the modified enzyme 24b [17]. Thus, the covalent he-
mithioacetal 24a or hemithioaminal enzyme derivatives 24b rapidly accumulate
in the enzyme microenvironment and lead to the observed activity loss, Eq. (9)
[21].

[><OH ><NH2

SEnz SEnz (9)

24a 24b
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Other enzymes may also be similarly inactivated by such cyclopropanone ad-
ducts generated in situ by catalytic unravelling of some latent precursors. NAD*
as coenzyme favours the electrophilic attack of ACP 17 on the enzymic thiol
group, and considerably increases the rate of inhibition [17]. ALDH in brain was
also inhibited in rats pretreated with coprine, and aldehyde reductase was
slightly inhibited by ACP 17, in vitro [22].

2.6
Electrophilic Ring Opening

The bracken fern, Pteridium aquilinum is widely distributed throughout the
world and is consumed as a human food in Japan and some other countries. Its
toxic effects on livestock have been known since the end of the 19th century;
cattle which consume bracken fern exhibit the syndrome known as “cattle
bracken poisoning”. The features include hemorrhage, anorexia, extensive in-
testine damage, ulceration, pyrexia and bladder carcinomas in animals [23],and
enhance esophagal cancer risk in humans [24]. After intensive investigation,
ptaquiloside 25 was isolated as the carcinogenic principle of bracken fern [25].
Under weakly alkaline conditions ptaquiloside 25 was converted, with D-(+)-
glucose liberation, into the unstable dienone 26 which is responsible for the
bracken fern carcinogenicity, Eq. (10) [25].

- OH 0O ., OH
g , 0
HOH,C &
o (10)
OH 26
OH
OH

Ptaquiloside 25

In fact, the cyclopropyl group of 26 is strongly electrophilic and reacts readily
with amino acids, nucleosides and nucleotides under mild conditions [25d].
Thus dienone 26 forms covalent adducts with DNA and causes DNA strand
breaks; DNA is the principal biological target of ptaquiloside 25 [26].

It has been recently shown that the selective alkylation and strand scission of
deoxytetranucleotide d(GTAC)-27 chosen as DNA model, results from the for-
mation of covalent adducts 28 and 29 on the N-7 of guanine and N-3 of adenine
with opening of the cyclopropane ring, respectively. Thermal treatment of 28
(90°C, 5 min) afforded the d(deoxyribose-TAC) 30 with liberation of N-7 alkyl-
guanine 31, while treatment of 29 provided the d (GT-deoxyribose-C) 32 and the
N-3 alkyladenine 33 [27]. The stabilities of adducts 28 and 29 were t,, = 31 h and
3.2 h, respectively; therefore, the cleavage reaction of adduct 29 proceeds much
faster than that of 28, Eq. (11) [27].
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o]
(@) T - 1

(0] 26 O—F')=O
“0-P=0 - © T

. 0]

© ‘o—g—o

(0) A CI)—
oh _ 9
0-P=0

OH
26
d(GTAC) 27 o 0% (11)
G = Guanine NH> HO
T Thymine HO. G /N Z N OG OH
A Adenine o ¢ _ J 30
R N N +
C Cytosine
o _ ¢
9 0-P=0
0-P=0 A e
1 - . T
o) o)
o) T 33
¢
NH ~O—p=
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0-P=0 N
o)
5 ] N)I OH
o
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OH
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2.7
Geometric and Electronic Potency

1-Hydroxycyclopropanecarboxylic acid phosphate HCP 34 is an analogue of
phosphoenolpyruvate (PEP) 35 which is metabolized by various enzymes. HCP
34 is a potent competitive inhibitor of enzymes utilizing PEP 35, such as PEP car-
boxylase, enolase, pyruvate kinase, and probably other enzymes. It is a substan-
tially better inhibitor than phospholactate 36 or phosphoglycolate 37, presum-
ably because of the similarity of its geometric and electronic structures with
phosphoenol pyruvate, Eq. 12 [28].

OPO;Na, OPOyNa, OPO;Na,

OPO,Na

D A CooMe _A_coome (_coome (12)
COOMe

HCP 34 35 36 a7

Microorganisms and plants, unlike mammals and other higher organisms,
have the ability to biosynthesize amino acids from structurally simple precur-
sors [29], so inhibitors of amino acid biosynthesis may be useful as selectively
toxic herbicides and antimicrobial agents [29]. The enzyme dehydratase (2,3-
dihydroxy acid hydrolase EC 4.2.1.9) catalyses the metal ion dependent conver-
sion of 2,3-dihydroxy acids to the corresponding a-keto acids, which are the im-
mediate precursors of the amino acids such as valine and isoleucine [30]. Enzy-
matic dehydration has been shown to proceed through enzyme bound enol
intermediates 38a-d [31]. As stable compounds that resemble the transition
state for dehydration should be potent inhibitors of the enzyme [32], the 1-hy-
droxycyclopropanecarboxylic acids 39a-d, whose electronic properties of the
C-C bond closely resemble that of an olefinic double bond [2] have been tested
as inhibitors of this enol producing enzyme. Effectively, the three-membered hy-
droxy acids 39b - d, which contain alkyl substituents analogous to the substrates
38b-d are all more potent competitive inhibitors for the dehydratase from
yeast. The 2,2-dimethyl-1-hydroxycyclopropanecarboxylic acid 39b, is a mod-
erately effective inhibitor of dihydroxy acid dehydratase from yeast and Escheri-
chia Coli, but its ring-opened analogue 40 does not inhibit enzymatic dehydra-
tion, indicating that the cyclopropane ring does contribute significantly to in-
hibitory potency, Eq. (13) [33].

RZ  OH

\>=< OH OH
1 §—<
R'"  COOH R "J><COOH COOH
/2
38a R1,H2 =H 39a-d 40 (13)
b Me
¢ R'=EtR2=Me

d R'=Me, R?=Et
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2.8
Conformational Affinity and Potency

The biological activity can be correlated with the conformation of molecules
and partial constraint can be obtained by incorporation of a cyclopropane ring.
L-Glutamic acid functions at many synapses in the mammalian central nervous
system (CNS) as an excitatory neurotransmitter [34] and is implicated in the
construction of memory and early learning [35] as well as in the pathogenesis of
neuron damage to cause various neuronal diseases [36-38]. It is suggested that
glutamate neurotransmission in different synapses is mediated through distinct
receptors and combinations of different receptors. Therefore, development of
selective and powerful agonists and antagonists appears to be essential for the
investigation of molecular mechanisms of glutamate receptors and their phy-
siological functions.

Glutamate receptors have been classified into two types: the ionotropic
(iGluRs) and metabotropic (mGluRs) types. The former are further subdivided
into N-methyl-p-aspartic acid (NMDA), a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionate (AMPA), and kainic acid (KA) receptors according to their se-
lective action as agonists [34]. Starting from the hypothesis that each receptor
subtype would require a particular conformation of glutamate for its selective
activation, i.e. conformational requirements for activating receptors, the four
diastereomers of L-2-(carboxycyclopropyl)glycine CCGs 41-44 have been syn-
thesized [39]. They restrict the conformation of glutamate to an extended A or
folded form B, Eq. (14).

H, NH, HOOC |y NH,
HOOC/\)\COOH free rotation COOH
Extended form A Folded form B
A
4 N
; (14)
H LOOH
COOH _.cooH H>/<OOH
H
NH, H
H 4 NH,
L-CCG-1 (25,1'5,2'S)-41 L-CCG-Il (25,1'R,2'R)-42 L-CCG-Ill (25,1'S,2'R)-43 L-CCG-IV (25,1'R2'S)-44
(mGluRs agonist) (uptake inhibitor) (uptake inhibitor) (NMDA agonist)

Among the four diastereomers of CCG 41-44, one of the extented types CCG 41
was identified as a selective and powerful agonist of mGluRs. On the other hand,
CCG 44, one of the folded types, exhibited potent affinity to NMDA receptors.
These results strongly suggested that the conformational requirement of mGluRs
was an extended conformation of glutamate, while that of NMDA receptors was a
folded conformation. The other isomers, CCG 42 and 43, were not potent agonists
but were inhibitors of glutamate transport systems at the excitatory synapses.
Thus, CCGs are not only applied as a useful pharmacological tool in the neuro-
science field but also provide proof that a specific conformation of glutamate is
one of the most important factors for activation of distinct types of receptors [40].
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L-2-[2-Carboxy-3-(methoxymethyl)cyclopropyl]glycines (MCGs) and other
related amino acids have been newly synthetized also in a stereoselective man-
ner [41]. Some of them were found not only to be selective and powerful agonists
for the receptors but also to provide useful information with regard to the con-
formational requirements of glutamate receptors. These amino acids are useful
as leading compounds for further conformational studies of glutamate receptors
as well as for developing effective drugs for various brain diseases [41].

2.9
Conformational Flexibility

Recent efforts have focused on minimizing unwanted biological activities in
existing series, while attempting to boost multiple drug resistance (MDR) re-
versal potency [42]. Due to the lack of understanding of the interaction of MDR
reversal agents rational drug design stratagems have so far not led to more po-
tent compounds [43]. MS-073 45 is a prototypical agent with noteworthy MDR
reversal properties containing a dibenzosuberylpiperazine group attached to
the 5-position of quinoline via a 2-hydroxypropyloxy spacer. The relatively low
oral bioavailability reported for this compound is presumably a consequence of
its acid lability (t,;, = 15 min at pH 2.0 and 37°C).

Extensive structural modifications of MS-073 45 invariably resulted in a loss
of potency, usually at least by a factor of ten. However, annelation of a cyclopro-
pyl group to the dibenzosuberane improved or maintained activity (t,;, = 3 h at
pH 2.0 and 37 °C). In addition, difluoro or dichloro substitution of the cyclopro-
pane (R=F, Cl) in 46 conferred excellent acid stability to these compounds
(t;, > 72 hat pH 2.0 and 37 °C), Eq. (15) [44].

R R
() )
N N
[ j [ j (15)
N N
S/\O N k(\o N
OH A OH )
MS 073 45 46 (R=F, Cl)

The dibenzosuberyl group has in fact been used as an amine protecting group
which can be removed under mildly acidic conditions [45]. The syn and anti dia-
stereomers of methanodibenzosuberylpiperazine 46 have been synthesized and
tested on the proliferation and viability of multidrug resistant CHRCs chinese
hamster cells [44]. The superior potency of the anti derivatives of 46 with an
axial piperazine over their syn counterparts with an equatorial piperizine, has
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been interpreted as the result of more efficient m-stacking of the rigid anti me-
thanodibenzosuberyl group with overlapping phenylalanine side chains extend-
ing outwards form the a-helical backbone of glycoprotein p 170 (P-gp), an
energy dependent pump. Such phenylalanine repeat motifs are present in se-
veral transmembrane regions of human and murine P-gp [46].

3
Enzyme Inhibitory Activities

In the preceding paragraph, the mechanisms by which cyclopropyl moieties can
induce inactivation of specific target enzymes have been described explicitly.
The inactivation is not only related to the inherent chemical reactivity of the
three-membered ring resulting from its intrinsic ring strain (enzymatic cleav-
age, oxidation, etc.) but also from heteroatomic (oxygen, nitrogen, etc.) or elec-
tron-withdrawing substituents (aldehydes, ketones, esters, hydroxymethyl
esters, etc.) which through the formation of cyclopropyloxy radical, cyclopropyl-
amine radical cation, cyclopyliminium cation, or cyclopropylcarbinyl radical or
cation provide suicide substrates for specific enzymes. On the other hand,
cyclopropanone equivalents such as the hemiaminal 17 generated in situ by cat-
alytic unraveling of some latent precursors [17], inactivate enzymes such as
aldehyde dehydrogenase for instance, by trapping an essential cysteinyl thiolate
side chain in its active site [21].

Thus the cyclopropanone hydrate 21 is an inhibitor of yeast aldehyde dehydro-
genase (ALDH) through the nucleophilic substitution of a hydroxyl group by an
enzymic thiol 47 leading to the cyclopropanone hemithioacetal 24a, Eq. (16) [21].

OH

OH
D< + HS-Enz — o ><

OH S-Enz (16)

21 47 24a

Horse radish peroxidase on the other hand, is a hemoprotein which is inhibit-
ed by alkylation of the porphyrin ring 48 by a B-propionic acid radical resulting
from the ring cleavage of the cyclopropanone hydrate 21, providing the car-
boxylate 49, Eq. (17).

“00C
+ 21 (17)

48 49
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Cytoplasmic and mitochondrial aldehyde dehydrogenases (from beef liver)
have also been inactivated by the hydrate 21 [21].

The enzyme chemistry of cyclopropylmethanols has been studied both as
inhibitors and mechanistic probes [4, 47]. Thus, a series of alkylcyclopropyl-
methanol derivatives have been proved as being inhibitors of horse liver alcohol
dehydrogenase. There are two sites in the cyclopropylmethanol inhibitors able
of reacting with nucleophiles:

- the methylene carbon bearing the hydroxyl group
- the carbons of the cyclopropane ring

However, mechanistic experiments have involved the apices of the cyclopro-
pane ring as targets for the nucleophilic group of the enzyme. Only the pro-R hy-
drogen was usually removed by the enzyme and transferred to NADY, and the
stereochemical course of the nucleophilic ring opening of the cyclopropanes
was consistent with predictions on the basis of frontier orbital theory predic-
tion [48].

The cyclopropylmethanol ancymidol 50, applied as soil drench or as a foliar
spray, shortened the internodes of ornamental plants. Trials with cultivation of
Chrysanthenum morifolium, Euphorbia pulcherrina and Tulipa gesneriana have
been described, Eq. (18) [49].

OMe

[>—c~on (18)
/ \N
N=/

Ancymidol 50

(28 4S5)-3-(2-Methylenecyclopropyl)alanines, so-called hypoglycine A 51 (R=H)
and B 52 (R=y-glutamyl) are the toxic principle of the isin (Nigeria) and ackee
(Jamaica) fruit, Blighia sapida, Eq. (19) [50, 51].

S

- (19)
RHN H

Hypoglycine A (25,45)-51 R=H
Hypoglycine B (25,45)-62  CO (CH,) » CH(NH,)-COOH

Eating unripe ackee fruits or seeds causes hypoglycaemia and an organic-
acidaemia and may have caused 5000 deaths in Jamaica [51-53]. Effectively,
administration of hypoglycine A 51 (20-200 mg per kg body-weight) to animals
causes the onset of severe hypoglycaemia after a few hours [54]. Gluconeogene-
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sis is strongly inhibited so that animals run out of glucose when their glycogen
reserves are exhausted [55].

The metabolism of 51 generates methylenecyclopropylacetyl-Co A (MCPA-
CoA) 53 in the mitochondrial matrix through oxidative deamination by branched-
chain oxo acid decarboxylase [56]. This impairs the oxidation of fatty acids of all
chain lengths by inactivating the general acyl-CoA and butyryl-CoA dehydro-
genases [56] and forming adducts with their FAD prosthetic group, Eq. (20) [57].

\\I>ﬂ ﬁ>_\ ﬁ>_\ (20)

COSCoA COOH CONH-CH,COOH

MCPA-CoA 53 MCPA 54 MCPA-glycine 55

The rate of oxidation is slowed down and allowed to proceed only as far as
butyryl-CoA. There is a marked organicacidaemia in rats and people poisoned
with hypoglycine with high plasma concentrations of isovalerate and 2-methyl-
butyrate, together with lower concentrations of butyrate [54b, 58]. Isovaleryl-
CoA and 2-methylbutyryl-CoA are metabolites of leucine and isoleucine, re-
spectively, and isovaleryl-CoA and 2-methylbutyryl-CoA dehydrogenases are
also inhibited by (MCPA-CoA) 53. This is then hydrolyzed to give the (2-methyl-
enecyclopropyl) acetic acid 54, or conjugated with glycine to form MCPA-gly-
cine 55 catalyzed by glycine N-acylase, with CoASH release. A massive excretion
of dicarboxylic acids: cis-dec-4-ene-1,10-dioic, cis,cis-dec-4,7-diene-1,10-dioic,
cis-oct-4-ene-1,8-dioic, glutamic and adipic acids, M-CPA-glycine 55, N-iso-
valerylglycine has been found in urine from rats treated with hypoglycine A 51
[59]. Concerning the inactivation of acyl-CoA dehydrogenase from pig kidney
by a metabolite of hypoglycin A see, Ref. 57 and for the antagonism of hypo-
glycin toxicity by glycine, see Ref. 60.

2-Amino-4-cyclopropylidenebutanoic acid (25)-56, is a methylenecyclopro-
pane substituted alanine which can be considered as a non-natural isomer of
hypoglycine A 51.1t has recently been synthesized racemic [61] and enantiome-
rically pure [62]. Biological assays have shown that at relatively high concentra-
tion the 5,6-methanoamino acid 56 inhibits the metabolism of pyruvate into
glucose, but 56 is not active in inducing the mitochondrial oxidation of fatty

acids, Eq. (21) [63].
— COOH
o (21)

NH,
(29)-56

A number of 2,3-methanophenylalanine derivatives are efficient inhibitors of
DOPA carboxylase [64]. For instance, 2-(3,4-dihydroxyphenyl) ACC 57, due to its
structural analogy with a-methyl DOPA 58, is a reversible time-dependent in-
hibitor of DOPA carboxylase and of tyrosine amino transferase, Eq. (22) [65].
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COOH COOH
NH, NH,
HO HO (22)
HO HO
57 o-Methyl DOPA 58

(Z2)-2,3-Methanothyronine 59 and its dibromo derivative 60 have comparable
activity with the thyroxine 61, a thyroid hormone [66], which exhibited thyro-
mimetic activities in basal metabolism and antigoiter tests (comparison of oxy-
gen consumption and heart rate in normal and thyroidectomized rats) but did
not have an inhibitory action on the metabolism developed by triiodothyronine
[66]. (Z2)-2,3-Methanohistidine 62, tested on rat liver, is an effective inhibitor of
histidine decarboxylase, Eq. (23) [67].

COOH COOH
COOH
NH, NH,
I ] I I | NH2
o)
OH

O

I
o]

COOH

N

</ I NH,

r Br N

OH OH H (23)
59 60 Thyroxine 61 62

Prolyl endopeptidase (PEP, EC 3.4.21.26) is the only serine protease which is
known to cleave a peptide substrate in the C terminal side of a proline residue
[68]. This enzyme was first isolated from the human uterus, then purified from
lamb kidney, and subsequently named post proline cleaving enzyme (PPCE)
[69]. It is widely distributed in various mammalian tissues such as the brain,
liver, and kidney [70]. In the central nervous system, PEP degrades proline-con-
taining neuropeptides involved in the processes of learning and memory such as
vasopressin, substance P (SP), and thyrotropin-releasing hormone (TRH) [71].
Moreover, cognitive deficits in Alzheimer’s disease patients is reported to show
improvement with TRH, and one can postulate that PEP inhibitors could prevent
memory loss and increase attention span in patients suffering from senilic de-
mentia.

Among numerous low molecular weight inhibitors of PEP described, two pro-
linal derivatives have been reported as PEP inhibitors: ONO 1603 63 [72] and Z
Pro-prolinal 64 [73],in which the formyl group is able to react with the active site
of the enzyme, Eq. (24) [74].

Also a new family of inhibitors exemplified by SUAM 1221 65 [75] has been
described in which a pyrrolidinylcarbonyl function at the P1 site is the crucial
entity for enzyme recognition, giving rise to the transition state analog of the en-
zyme-substrate interaction.
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o) COHN 0)\0 y
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ONO 1603 63 Z Pro-prolinal 64
o) 0]

SUAM 1221 65 66

24)

Important improvement in the in vitro activity was obtained when the cen-
tral proline was replaced by thiaproline (thiaPRO) to give compound 66, sug-
gesting that modification of the central amino acid (of the proline type) could
be of importance in modulating the PEP inhibitory activity, Eq. (25) [76]. In fact,
replacement of the proline moiety of 63 -66 by non-natural amino acids derived
from 2-perhydroindole or from 2-azabicyclo[2.2.2]octane and modulation of
the side chain by replacement of the terminal phenyl ring by a dicyclopropyl-
carbinyl moiety afforded derivatives such as 67 and 68 with improved activities
(ICso between 10 and 20 nM), Eq. (26).

(0] H ﬁ
] (-0
N : N (26)
H
© 0
67 68

Furthermore, replacing the linear 4-phenylbutanoyl side chain by the
(2-phenylcyclopropyl)carbonyl entity as in compound 69, provided potent in-
hibitors with ICy, culminating at 0.9 nM on a rat cortex enzymatic preparation
[77]. Moreover, the configuration on the cyclopropane ring is of prime impor-
tance in order to obtain a strong enzymatic inhibitor capacity; it has to be R,R
in order to obtain not only a strong PEP inhibitor in vitro but also a good
activity in vivo, as exemplified by inhibitor 70a, which gives ICs, ip and po of
0.3 and 1 mg per kg, respectively. Most important, this original side chain seems
to confer a potent and long lasting in vivo PEP inhibitory activity to the cen-
tral amino acid it is appended to, as exemplified by compounds 69, 70a,b,
Eq. (27) [77].
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(27)

Some of these compounds are currently undergoing pharmacological studies
on models of attention, learning and memory, as well as extensive preclinical
evaluation [77].

4
Phytohormones, Phytotoxicity, Plant Growth Regulatory Activities

1-Amino-1-cyclopropanecarboxylic acid ACC 71 and its derivatives are cur-
rently attracting special attention because of their outstanding biological ac-
tivity and potential use in conformationally restricted peptides, providing bio-
synthetic and mechanistic probes [64]. In fact, they constitute a unique form of
constrained amino acids, naturally occurring either unbound or simply linked
in dipeptides [53]. However the structure of BZR-cotoxin, the major component
of BZR-toxin, which causes leaf spot disease in corn and induced high pathoge-
nicity in rice plants, has been recently determined to be a cyclic nondepsipep-
tide involving the ACC moiety, Eq. (28) [78].

Present in the tissue of many plants [79], ACC 71 is biosynthesized from (S)-
adenosylmethionine under the catalytic influence of a pyridoxal 5’-phosphate
linked enzyme (ACC synthase) [80]. It is the immediate biosynthetic precursor
of ethylene, the phytohormone that initiates and regulates many aspects of plant
growth, including germination, inhibition, senescence, ripening of fruits, and is
engaged in the metabolism of plants [81]. Rigorous demonstrations of this bio-
synthetic pathway have been established by ACC formation upon incubation of
(S)-adenosylmethionine with the crude synthase obtained from ripe tomatoes
[82] and by ethylene production on addition of ACC to soybean leaves [83] or to
apple slices [84]. Another biological transformation of ACC is its cleavage into
a-ketobutyrate and ammonia carried out by certain bacteria [85]; thus, ACC de-
aminase has been isolated from Pseudomonas growing on ACC as their sole
nitrogen source [86]. Due to its physiological importance ACC 71 and its deriva-
tives have motivated the initiation of several research programmes aimed at the
synthesis of these challenging three-membered ring amino acids [87].

(1S,28)-2-Methyl-1-aminocyclopropanecarboxylic acid (norcoronamic acid)
72a was isolated from norcoronatine, a component of the phytotoxic fraction of
Pseudomonas syringae pv glycinea [88].Its N-methyl derivative (15,2S)-72b, iso-
lated from streptomyces braegensis subsp. japonicus, has been found to be a
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constituent of the cyclic peptide portion of the recently discovered DNA-inter-
calating antibiotics of the quinomycin family, Eq. (28) [89].

(18,2S)-2-Ethyl-1-aminocyclopropanecarboxylic acid (coronamic acid) 73
was obtained from the hydrolysis of coronatine, a phytotoxin isolated from
liquid cultures of plant pathogens Pseudomonas syringae pv atropurpurea, Pseu-
domonas syringae pv glycinea, and Pseudomonas caronafacience var. atropurpu-
rea [90].Infection of host plants by these bacteria induces chlorosis on the leaves
due to the production of coronatine [90]; this plant toxin also induces hypertro-
phy of potato cells and inhibition of corn root growth [91]. Plant defense against
herbivores involves the release of volatile substances which act as SOS signals,
attracting predators that prey on herbivores. It has been shown that coronatine
is superior to jasmonic acid in inducing the biosynthesis and emission of vola-
tiles [92]. The biosynthesis of 73 has been demonstrated to occur from isoleu-
cine [93].Its (1S,2R) non-natural diastereomer, known as allo-coronamic acid is
converted into 1-butene by plant tissues; it promises the control of enzymatic
processes for plant growth and fruit ripening Eq. (28) [94].

The two other naturally occurring ACC derivatives, (185,25)- and (1R,25)-2-
(guanidinomethyl) ACC (carnosadine) 74, were isolated from a red alga, grate-
loupia carnosa, Eq. (28) [95].

NH
Me Et
COOH = .COOH COOH )J\ COOH
> > N HN" N
NH, NHR NH, NH,
ACC 71 (15,28)-72aR=H (15,25)-73 (15,28)- (28)
b Me

and (1R,2S)-74

Due to their physiological importance, considerable efforts are currently de-
voted towards the total synthesis of 2,3-methanoamino acids (ACCs). The pa-
rent compound ACC 71 has been readily prepared from acrolein, through the
base-induced (K,CO;) cyclization of 2-amino-4-chlorobutyronitrile [96] or
from one-pot Strecker reaction of cyclopropanone hemiacetal [97].

The total asymmetric syntheses of natural (15,2S)-norcoronamic 72a and of
(1S,2S)-coronamic acid 73 have been obtained from the diastereoselective cyc-
lization of chiral non-racemic 2-(N-benzylideneamino)-4-chlorobutyronitriles
[98]; but one of the shortest syntheses of these attractive amino acids was based
on the diastereoselective palladium(0)-catalyzed alkylation and Sy cyclization
of 1,4-dichlorobut-2-ene by the anion of 2-aminoacetonitrile derivatives [99].
On the other hand, diastereoselective palladium(0)-catalyzed azidation of chiral
non-racemic 1-alkenylcyclopropyl esters provide non-natural (1R,2S)-norcoro-
namic acid, enantiomerically pure [100].

The asymmetric syntheses of carnosadine (1S,25)-74 [101] and of its protect-
ed derivatives as conformationally constrained surrogates for arginine have also
been reported [102]. Different 2-substituted 1-aminocyclopropanecarboxylic
acids have also been prepared by azidation of optically active 2-chloro-2-cyclo-
propylideneacetates [103] and from the cyclopropanation of chiral bicyclic
lactams [104].



18 J. Salaiin

Selectively deuterated 1-aminocyclopropanecarboxylic acid ACC 71 was pre-
pared to investigate the biosynthesis of ethylene in plants [105a] and of am-
monia and 2-ketobutyrate in Pseudomonas [105b].

When subjected to drought stress, excised wheat (Triticum aestivum L.)
leaves increase ethylene production as a result of an increased synthesis of ACC
71 and an increased activity of the ethylene-forming enzyme (EFE) which cata-
lyzes the conversion of ACC 71 to ethylene. Rehydratation to relieve water stress
reduces EFE activity to levels similar to those in non-stressed tissue. Pretreat-
ment of the leaves with N-benzyladenine (BA) 75 or indole-3-acetic acid IAA 76
prior to drought stress caused further increase in ethylene production. Conver-
sely, pretreatment of wheat leaves with abscisic acid ABA 77 reduced ethylene
production to levels of non-stressed leaves, accompanied by a decrease in ACC
71 content, Eq. (29).

ACC 71 was also found to be converted into a non-volatile product, i.e., into
1-(malonylamino)cyclopropanecarboxylic acid 78 (R, R! = H) in both nonstres-
sed and water-stressed tissues [106]. The formation of this major metabolite of
ACC71 has also been identified in etiolated buckwheat leaves fed with exogenous
ACC or in etiolated soybean (Glycine soja) seedlings treated with IAA 76 [107].
Derivatives of 78 (R, R! = H, NH,, alkali or alkali earth metals, Mn) were prepar-
ed as plant growth regulators. Thus amino diacid 78 (R, R! = H) was a more effec-
tive soybean growth regulator than 1-formamidocyclopropanecarboxylic acid
[108]. Analogously, treating etiolated cotton seedlings with IAA 76 increased
ACC synthase activity, ACC 71 content and the rate of ethylene formation [109].
A direct relationship between the content of IAA 76 in the hypocotyl tissue and
the rates of ACC 71 and ethylene formation was observed, Eq. (29) [109].

NH-CH,-Ph o :
N N PN coon
T;/ S ® i OH [::><:
SN NH-CO-CH,-COOR
NN o
HOOCH,C (29)
BA75 IAAT6 ABAT77 78

1-Aminocyclopropanecarboxylic acid-metal complexes 79 (M = transition
metal with tetracoordination) also provide useful plant growth regulators,
Eq. (30) [110].

NH2 o o)
/
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(30)

79

Non-natural ACC derivatives have been synthesized in order to test their
eventual biological activity. Thus, in alkyl-ACC derivatives the alkyl and car-
boxyl groups must be in trans positions to be metabolized by plant tissue [111a].
For instance, the trans-methyl-ACC 80 serves as a good inhibitor of ethylene
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production and is a substrate for propylene production in mungbean hypocotyl
segments [111a]. 1-Amino-2-cyclopropylcyclopropanecarboxylic acid 81, is also
a good inhibitor of ethylene biosynthesis probably due to the bulky cyclopropyl
group which makes it difficult for 81 to penetrate into the bioactive center; in-
cubation of mungbean hypocotyl segments with various concentrations of 81
provided instead, 1,4-pentadiene by a mechanism involving a 1,2-hydrogen mi-
gration in a diradical intermediate, and this is responsible for the suicide inac-
tivation [111b-d]. 1-Aminocyclopropenecarboxylic acid 82 has been shown to
be an inhibitor of the ethylene-forming enzyme, an extremely poor substrate for
acetylene production and an inhibitor of senescence (carnation antisenescence
assay of flowers). The inactivation was postulated to result from the ready for-
mation of the stabilized cyclopropenone imine 83 (aromatic stabilization) which
can then undergo nucleophilic attack by an enzymic residue, (vide supra,

Sect.2.5) Eq. (31) [112].

Me, 3
*_ ,COOH COOH COOH
>, > D< [>=nv D
NH, ‘NH,
80 81 82 83

Racemic (Z)-2,3-methanoglutamic acid 84 and racemic 2,3-methanopyro-
glutamic acid derivatives 85a-d have been prepared by cyclopropanation of a
(Z)-dehydroglutamic acid derivative [95b,113]. The B-naphthylamide 85d was
shown to be stable to enzymatic hydrolysis by pyroglutamate aminopeptidase in
vitro [113b]. Racemic 2,3-methanoproline 86 was found to be a weak inhibitor
of ethylene-forming enzyme in cucumber cotyledons strips and germinating
squash seeds [114]; however 2,3-methanohomoserine 87, which has a strong
ability to inhibit ethylene production from ACC in mungbean hypocotyl seg-
ments, will provide a useful tool to deliver reagents to ACC-binding proteins and
to remove them from protein mixtures (affinity purification techniques) or eli-
cit an immune response (generation of antibiotics), Eq. (32) [115].

HOOC HOH,C.
T COOH :(j>_( Cy T COOH
NH;

COOH
84 85a R=OMe 87 (32)
b OH
d NH-B-Naphth
c NHMe

ACC71 synthase, i.e. (S)-adenosylmethionine methylthioadenosine lyase (EC
4.4.1.14), has been purified from several plant tissues [116]. Recently, ACC syn-
thase cDNA clones have been isolated and sequenced from wounded fruit tis-
sues of tomato, winter squash, zucchini, ripening apple and tomato fruit. Using
the polymerase chain reaction (PCR), four different ACC synthase gene frag-
ments were obtained by amplification of cDNA derived from mRNA of tomato
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fruit and tomato cell culture and used to examine the expression of different
ACC synthase transcripts of enhanced ethylene production. It has been proven
that tomato ACC synthase is encoded by a multigene family and that the expres-
sion of each gene is differentially activated by different developmental, environ-
mental and hormonal factors [117].

Auxin-induced ACC 71 synthase (acc A) was purified from slices of immature
cucumber fruits and partial amino acid sequences were determined. By using
oligonucleotides a cDNA for auxin-induced ACC 71 synthase from winter squash
(Cucurbita maxima Duch. cv Ebisu) was cloned and its sequence determined.
This sequence was markedly different from that for the wound-induced enzyme
(acc W) from the same plant. The results showed that the gene for acc A is different
from that for acc W; therefore ACC 71 synthase is encoded in two different genes
differentially expressed by auxin and wounding. The biological significance of the
presence of two different genes for the enzyme has been discussed [118].

Three divergent members (OS-ACS;, OS-ACS, and OS-ACS;) of a multigene
family encoding ACC 71 synthase in rice, which grows in the deepwater regions
of South-East Asia, have been cloned. It has been shown that OS-ACS; is induced
in the shoots whereas OS-ACS; is induced in the roots. The protein contains all
eleven invariant amino acid residues that are conserved between aminotrans-
ferases and ACC synthases cloned from various dicotyledonons plants. The
amino acid sequence shares significant identity to other ACC synthases. The ex-
traordinary degree of divergence among ACC synthase isoenzymes within each
species arose early in plant evolution and before the divergence of monocotyle-
donons and dicotyledonons plants [119].

Polymeric forms of ACC 71 were synthesized and their biological activities
evaluated. Synergistic interactions between ACC polymers and the cytokinin
6-N-benzylaminopurine have been indicated [120].

Germination of witchweed (S. asiatica), an important parasitic weed on se-
veral poaceous crops, is stimulated by several synthetic compounds. The role of
ethylene biosynthesis and action in cytokinin-induced germination was investi-
gated. Whereas conditioned striga seeds treated with ACC 71 produced little
ethylene, on the other hand treatments with cytokinin-ACC combinations en-
hanced ethylene production. Seeds treated with cytokinin-ACC combinations
have displayed higher rates of germination. Addition of ACC 71 overcame the
effect of aminoethoxyvinylglycine (AVG), which is a potent ACC-synthase in-
hibitor. A model in which striga germination and embryo growth are limited
by low capacity of the seeds to oxidize ACC 71 were consistent with the results.
The cytokinin promotes ACC 71 conversion into ethylene and consequent striga
germination by enhancing ACC oxidase activity and/or synthesis [121].

5
Insecticidal, Antifungal and Herbicidal Activities

The trans-chrysanthemic acid 88 is an essential component of naturally occur-
ring pyrethrin esters which are present in the flower of Chrysanthenum cinera-
riaefolium and has a defense function in these plants [122]. Very effective as an
antifeedant for herbivores, it presents a broad spectrum as an insect repellent.
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Synthetic derivatives such as the (S)-bioallethrin 89 or bioresmethrin 90 are
known for their high insecticidal activity with low mammalian toxicity, Eq. (33,

34) [123].
>:/X dv (33)

trans-Chrysanthemic acid 88 S)-Bioallethrin 89

Various structural modifications particularly involving the chrysanthemic
acid moiety led to compounds with enhanced stability and insecticidal activity
for a wide range of insect pests. It has been reported that plant growth was also
stimulated by the photostable insecticidal biopermethrin 91, Eq. (34) [123c].

e o KX g
o0 = "’C—o/— (34)
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Bioresmethrin 90 Biopermethrin 91

The highest insecticidal activity was reached with the deltamethrin 92, by in-
troduction of a benzylic cyano group and of a dibromovinyl substituent with the
cis configuration, Eq. (35) [123c].

NC
Br ¢ )—Q (35)

Deltamethrin 92

The mechanism of insecticidal action has been attributed to blocking of the
sodium channel in target cell membranes and consequent blocking of ion trans-
port [124]. Following these observations a considerable effort was developed for
the preparation of synthetic pyrethroids as commercial insecticides.

Triazolylcyclopropane derivatives are endowed with antimycotic properties
[125]. They are also prepared as plant growth regulators and fungicides; for in-
stance 93 (R = unsubstituted and substituted aryl, heteroaryl) markedly inhibit-
ed the growth of rice, cotton and soybeans in hot tests [126]. 1-(1,2,4-Triazolyl)-
2-(2,4-dichlorophenyl)cyclopropane 94, is a more effective fungicide against
Podosphaera leucotricha and a better growth retardant in rice and soybeans
than the (1,2,4-triazolyl)pentenone 95, Eq. (36) [127].



22 J. Salaiin

Z—\\

Ny A~ cl N
D< R cl N‘N) ~
c” = (36)

N

'4\ /\ Cl (0]
N OH

=~/

93 c 94 95

The N-(3-cyclopropyl-2,4-pyrimidyl)- 96a and N-(3-cyclopropyl-2,4,6-tri-
azinyl)-N-aryl sulfonyl ureas 96b (R = halo-, amino-, alkoxyalkyl and cycloal-
kyl: X = CH, N) are useful as plant growth regulators and herbicides. At 500 g per
ha the cyclopropyltriazine derivative 96b (R=OMe, Ar=2-carbomethoxy-
phenyl) killed Abutilon species and Sivapis alba or prevented germination with-
out affecting wheat, Eq. (37) [128].

Unsubstituted and substituted aryl- and heteroarylcyclopropyl (methyl-
1,2,4-triazolyl)-carbinols have been prepared and used as fungicides and plant
growth regulators. Thus the cyclopropylcarbinol 97 (R!= p-CIC¢H,, R*= SEt) in-
hibited the growth of rice, cotton and soybean, and protected apple against Ven-
turia infection [129]. The 3-(1,2,4-triazolyl)-3-(1-methylcyclopropylketone)-
1-trichloromethylethanol 98 was as effective against Venturia inaequalis on
apples, Eq. (37) [130].

N
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The acid salts and metal complexes of 99 (e.g. R = CCl;, CCLE, CCIF,, C,_,
perfluoroalkyl) and of 100 (e.g. X = F, Cl, Br, CN, SCN, alkylcarbonyloxy, alkyl
carbonylthio, amines) were used as agrochemical fungicides and plant growth
regulators, Eq. (38) [131].
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100
99 (n= 0-2)

Several derivatives of 101 were effective against Pyrenophorateres, Vertusia
indequolis and Pyricularia oryzae; while derivatives of 102 (X = CH,CH,, CH =
CH, OCH,, SCH,) were superior to known similar compounds as plant growth
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regulators in soybeans, rye, wheat and cotton, and as fungicides against Pyri-
cularia oryzae, Leptosphaeria rodorum and Sphaerotheca fuliginece. In a post-
emergence test, the 1-(2,4-dichlorophenyl)-2-(triazolylethyl)cyclopropane 103
(0.05 wt. %) showed 95% control of Botrysis cinerea on paprika, compared to
40% control by a similar triazolylcyclopropane; 103 was also an effective plant
growth regulator for barley, Eq. (39) [131].
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FR 900848 104 is a natural product isolated from the fermentation broth of
Streptoverticillium fervens. It shows potent, in vitro selective activity against
filamentous fungi such as Aspergilus niger and Mucor rouxianus with MIC va-
lues of 0.05 mg/ml, but is essentially inactive against non-filamentous fungi such
as Candida albicans, yeasts and gram-positive and gram-negative bacteria
[132]. Structurally the molecule is remarkable since it is endowed with five cy-
clopropanes, four of which are contiguous Eq. (40).
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FR 900848 104

The full structure and absolute configuration of FR 900848 104 has been de-
termined to be (6R,85,9R,11S,125,14R,155,17R) from X-ray crystallographic
study [133]. Strategies for its enantioselective total synthesis are based on an it-
erative cyclopropanation [134], and on the use of chiral auxiliaries [135]. It has
also been prepared by fermentation and isolated from cultures of Streptoverti-
cillium fervens to be considered as an agrochemical microbicide [136].

6
Antibiotic, Antimicrobial and Antitumoral Activities

L-2-(1-Methylcyclopropyl)glycine 105 was isolated from the culture broth of M.
miyakanonensis, and this 3,4-methanoamino acid exhibits an antimicrobial ac-
tivity against E. coli on a synthetic medium, Eq. (41) [137].
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OH
E><Y/COOH E>§Y/COOH
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NH, NH;
105 106

3,4-Methanoserine or cleonine 106 has been isolated from cleomycin 107 a, an
antibiotic from the bleomycin-phleomycin group, which is different from
bleomycin 107b only in its threonine moiety [38]. This amino-(1-hydroxycyclo-
propyl)acetic acid is located in the place of the threonine, Eq. (42).
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The configuration of cleonine 106 appears to be S from a biosynthetic view-
point [139]; its synthesis from the readily available cyclopropanone cyanohy-
drine has been reported [140, 141].

CC 1065 108 is a highly toxic antibiotic isolated from Streptomyces zelensis
containing a reactive spirocyclopropane ring. It cleaves DNA through a mecha-
nism similar to the cleavage which occurs upon treatment of DNA with the car-
cinogenic ptaquiloside 25 (vide supra, Sect. 2.6), namely by depurination of
alkyladenine adducts, Eq. (43) [142].

However, significant differences have been observed:

a) The dienone 26, arising from alkaline hydrolysis of 25, forms adducts at both
guanine and adenine residues

b) The dienone 26 induces the spontaneous cleavage at adenine base sites under
physiological conditions, whereas CC 1065 108 causes cleavage at higher tem-
perature (>70°C) [143]. The covalent adenine-adduct of CC 1065 108 has
been reported to undergo at 37 °C a retrohomologous Michael reaction to re-
generate the initial cyclopropylpyrroloindole structure and likely intact DNA;
in contrast, the N-3 adenine adduct of dienone 26 depurinate spontaneously
at 37°C [144]. For these reasons ptaquiloside 25 is a typical carcinogen,
whereas CC 1065 108 is an antitumor agent [27].
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Adozelesin 109, a synthetic analogue of CC 1065 108, is also a potent anti-
tumoral agent, Eq. (44) [145]. Both the natural and synthetic compounds con-
taining a cyclopropyl pyrroloindole (CPI) unit were also shown to alkylate the
N-3 atom of adenine in a certain sequence of DNA, a reaction which mediates
the potent biological effects of these drugs [146]. They differ from traditional
chemotherapeutic alkylating agents, such as the nitrogen mustards and nitro-
soureas [147] by their selectivity for target nucleophilic sites in DNA and their
lack of reactivity with other biological nucleophiles [146].

H,N
0
N
OH
OMe \ \
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H
H N
N 0
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/ OH (43)
N
H OMe
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CC 1065 108 Adozelesin 109

Comparison with the reported reactivity of the spiro[2.5]octa-1,4-dien-3-one
110 and 4-(hexafluoroisopropylidene)cyclohexa-2,4-dien-1-one 111 have sug-
gested that the conjugated cyclopropane ring of compounds 108 and 109 im-
parts a strong acid dependence to its reactivity with nucleophiles, Eq. (45). This
property is likely to be relevant for the exceptional reactivity of these antibiotics
toward DNA [148].

F
O=<:><] O=<:>={F: (44)

110 111

Mludins M 112 and S 113 are sesquiterpenes produced by Omphalotus illu-
dens, the jack-o’-lantern mushroom [149]. These compounds demonstrated in
vitro selective toxicity for a wide range of tumor cells compared to normal cells,
but poor therapeutic indices were found when tested in vivo [150]. The spiro-
cyclopropane and a, f-unsaturated ketone moities present in the illudin skele-
ton constitute a bis-electrophile that is responsible for the DNA damage (vide
supra Sect. 2.6) [150, 151]. Illudin derivatives with greatly improved therapeutic
indices have been prepared; first of all dehydroilludin M 114 has shown better
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activity against metastatic MV 522 lung carcinoma xenografts than nine known
anticancer agents including cisplatin, cytoxan and paclitaxel and comparable
efficacy to that of mitomycin C [152]. Then the analogue acylfulvene 115 exceed-
ed the efficacy of dehydroilludin M 114 and that of mitomycin C [150]. The third
generation hydroxymethylacylfulvene (HMAF) 116, caused complete tumour
regression in all animals at the maximum tolerated dose of 10 mg kg™! and has
been found to exhibit outstanding activity against breast, colon and skin cancer
cell lines derived from human tumours [153]. HMAF 116 can be prepared read-
ily from illudin S 113 or from acylfulvene 115; its total synthesis has been per-
formed from 4-hydroxy-5-methyl-2-cyclopenten-1-one and 1-acetyl-1-(diazo-
acetyl)cyclopropane in 14 steps and 15% overall yield [154]. Two recent ap-
proaches towards the illudin sesquiterpenes have been based on the 1,3-dipolar
cycloaddition reaction of a rhodium(II) carbenoid on 2-cyclopentenones [155].

Mycelial cultures of Mycena leaiana produce a bright orange pigment,
leaianafulvene 117 which exhibits weak antibacterial activities but pronounced
cytotoxic activities; a 50% lysis of Ehrlich ascitic tumour (ECA) cells was
observed at 2.5 pg ml-! [156].

llludin M 112 (R=H) Dehydroilludin M 114

lludin S 113 (R=OH)
(45)

HOw,

Acylfulvene 115 (R=H) Leaianafulvene 117
Hydroxymethylfulvene (HMAF) 116

The development of compounds that interfere with the biosynthesis and/or
metabolism of (S)-adenosylmethionine (AdoMet) (vide supra) as potential che-
motherapeutic agents is an area of active investigation [157]. Biological methy-
lation reactions and polyamine biosynthesis, both of which utilize AdoMet, are
critically involved in cellular growth and function. Therefore, chemotherapeutic
strategies have been based on the antibacterial, antitumor, antiviral and antipa-
rasitic potential of AdoMet derivatives. Among them, has emerged 5’-deoxy-5-
(isobutylthio)adenosine (SIBA) 118 a nucleoside analogue, structurally related
to biologically active AdoMet metabolites: (S)-adenosylhomocysteine (AdoHcy)
(product of AdoMet-mediated methylation reactions) and 5’-deoxy-5’-(me-
thylthio)adenosine (product of spermidine (Spd) and spermine (Spm) biosyn-
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thesis, and of ethylene biosynthesis in plants). SIBA 118, which has potent effects
on a number of AdoMet metabolic enzymes (Spd and Spm synthases, MTA
phosphorylase, AdoHcy hydrolase) is also an inhibitor of cyclic AMP phospho-
diesterase and of cellular nucleoside and sugar transport [158].5’-Deoxy-5"-(cy-
clopropylmethylthio)adenosine (CMPTA) 119, is a sterically constrained analo-
gue of SIBA 118, the in vitro and in vivo antitumor activity of which in two mu-
rine leukemia cell lines: L1210 (MTA phosphorylase-containing) and L5178Y
(MTA phosphorylase-deficient) have been found to be comparable to that of
SIBA 118. These agents are being developed as inhibitors of methylation and/or
polyamine synthesis, Eq. (46) [159].

Ho Hap
os &
H H (46)
o H

SIBA 118 CMPTA 119

Marine sponges provide a rich source of uncommon sterols the biogenetic
origin of which still rises intriguing questions; indeed steroids with a 26-methyl-
26,27-cycloergostane skeleton are very rare [160]. Thus, aragusterol A 120, iso-
lated from the sponge of the genus Xestospongia on the coral reef of Aragusuku
Island (Okinawa, Japan), possesses potent antitumor activity [161]. This marine
cyclopropyl steroid strongly inhibits the cell proliferation of KB, HeLaS3, P388
and LoVo cells in vitro at IC,, 0.042, 0.16, 0.022 and 0.0079 pg/ml, respectively. It
also shows potent in vivo antitumor activity toward P388 in mice (T/C 172% at
6.25 mg/kg) and L1210 in mice (T/C 220% at 1.6 mg/kg), Eq. (47) [160].

(47)

Aragusterol A 120

The synthetic cyclopropylandrostenediones 121 (R = H, F; R! or R* = CH,)
provide useful anticancer agents, Eq. (48) [162].

Several bis(dioxopiperazines) exhibit antitumor activity. Thus, ICRF 159 122
is an inhibitor of DNA synthesis, blocks the cell cycle in G,-M phase and inhibits
metastases in the Lewis lung tumor (3LL) animal model without impeding the



28 J. Salaiin

(48)

121 (R=H, F; R'or R? = CH,)

growth of the primary implant [163]. Stereoselective effects of cis-123 and trans-
bis(dioxopiperazinyl)cyclopropane 124 on metastases of a hamster lung adeno-
carcinoma have been investigated in comparison with conformationally mobile
ICRF 159 122 using a Syrian hamster lung adenocarcinoma (LG 1002). Whereas
ICRF 159 122 and 123 significantly inhibited lung metastases, the trans-isomer
124 significantly increased the number of metastatic nodules in the lung. It has
been concluded that, at least in one tumor model, antimetastatic activity can be
separated from metastatic potentiating activity by controlling the drug geo-
metry [164].

The potentiating effects of 124 may be related to an effect on cell volume and
glycosaminoglycan biosynthesis, as previously proposed for the effects of 122 on
B16 melanoma cells, whereas the cis-isomer 123 may selectively cause norma-
lization of developing blood vessels in the primary tumor and thus inhibits me-
tastases, Eq. (49) [165].
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ICRF 159 122 123 124

The enzymes involved in the polyamine metabolic pathway have been the
subject of intensive study, and a number of specific inhibitors for these enzymes
have been designed as potential antitumor or antiparasitic agents [166]. Thus,
a-difluoromethylornithine, has become a clinically useful agent [167]. Most of
the studies involving inhibitors of polyamine metabolism have focused on en-
zymes involved in the biosynthetic pathway. Recently, there has been consider-
able interest generated in the enzyme spermidine/spermine-N'-acetyltrans-
ferase enzyme (SSAT), the rate-limiting step in the back conversion of poly-
amines. SSAT, in conjunction with polyamine oxidase (PAO), allows for reversal
of the biosynthetic pathway and attenuation of the levels of individual poly-
amines.
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The induction level of SSAT in two human lung cancer cell lines which re-
spond differently to treatment with inhibitors of polyamine biosynthesis ap-
pears to correlate inversely with the degree of resistance to cytotoxicity follow-
ing treatment with the polyamine analogue, N!,N'2-bis(ethyl)spermine (BE-
Spm) 125 [168]. Rate of growth and cellular polyamine content in the human
small cell lung carcinoma (SCLC) line NCI H82 are minimally affected by BE-
Spm 125, which appears to down regulate polyamine biosynthesis by the same
mechanism as the natural polyamines [161]. By contrast, BESpm 125 was found
to be markedly cytotoxic at a concentration of 10 mM in the large cell lung car-
cinoma (LCC) line NCI H157, accompanied by nearly complete depletion of all
intracellular polyamines and a decrease in ornithine decarboxylase (ODC) ac-
tivity to undetectable levels [170].

In light of the potential value of terminally alkylated polyamines as thera-
peutic agents, the unsymmetrically substituted polyamine analogues N!-ethyl,
NU-propargyl-4,8-diazaundecane 126 and N'-ethyl-N''-(cyclopropylmethyl)-
4,8-diazaundecane 127 have been synthesized and tested as inhibitors of human
SSAT using a crude lysate from H157 cells [168]. Both compounds 126 and 127
were found to be effective inhibitors in this assay system, exhibiting similar po-
tency to the known inhibitor BESpm 125, and produce a differential super-
induction of SSAT in situ which appeared to be associated with a cell-specific
cytotoxic response in two human lung cancer cell lines. These BESpm 125 ana-
logues exhibit promising antitumor activity against cultured human lung can-
cer cells, and should provide additional tools to facilitate the understanding of
the regulation of SSAT gene expression, Eq. (50) [1171].
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Antiestrogens block uterine growth and the growth of estrogen-dependent
mammary tumors and are effective in the control of other diverse neoplastic dis-
eases, as well as controlling and correcting various endocrine disorders. Their
mode of action, although not completely understood, is, however, known to in-
clude competitive inhibition at the estrogen receptor (ER) [172], as well as hav-
ing an estrogen irreversible cytotoxic action linked to their antagonism of calm-
odulin-activated cellular processes [173]. Tamoxifen (TAM) 128, a clinically use-
ful triarylethylene (TAE) antiestrogen, elicits varied estrogenic effects, including
an increase in the incidence of hepatocellular carcinoma in rats at high doses
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[166] and a possible increased risk of endometrial carcinoma [175]. Besides
TAM 128, other TAE antiestrogens also elicit mixed estrogen agonist-antagonist
responses [176]. Incomplete remission of estrogen-dependent mammary tu-
mors during treatment with the TAEs appears to be associated, at least in part,
with the uterotrophic activity of these compounds [177].

Inhibition of estrogen is a potentially useful strategy for the treatment of hor-
mone-dependent breast tumors in postmenopausal females and possible tumor
prevention in premenopausal women. It has been reported that the introduction
of a cyclopropyl or dichlorocyclopropyl moiety in place of the olefinic link in
estrogenic stilbenes greatly reduces or abolishes their estrogenic activity. Thus,
the 1,1-dichloro-cis-2,3-diphenylcyclopropane 129, has antiestrogenic pro-
perties with no estrogen agonist activity in the mouse, and is comparable to
TAM 128 against the hormone-dependent 7,12-dimethylbenz[a]anthracene-in-
duced rat mammary tumor model [178].

A series of 1,1-dichloro-2,2,3-triarylcyclopropanes (DTACs) 130 (R=H, OH,
OMe, OCH,Ph, OCH,CH,NMe,) have been synthesized and tested as antiestro-
gens, Eq. (51) [179].

Me,NH,CH,CO R2 R®
= \V; \V, (1)
Et
O S
Tamoxifen (TAM) 128 129 DTACs 130

(R = H, OH, OMe, OCH,Ph, OCH,CH,NMe, )

All DTACs 130 were competitive inhibitors of [*H]-estradiol binding in the
immature rat uterine cytosol receptor assay, with relative binding affinities of
0.1-3.6% of estradiol. None of these compounds were estrogenic in the 3-day
immature mouse uterotrophic assay at doses up to 750 j1g; moreover DTACs 130
with either a methoxy-, benzyloxy- or (dimethylamino)ethoxy- side chain on
the ring produced significant decreases in uterine weight. One compound, (Z2)-
1,1-dichloro-2-[4-[2-(dimethylamino)ethoxy]-phenyl]-2-(4-methoxyphenyl)
3-phenylcyclopropane 130 (R'=0CH,CH,NMe,, R?=0Me, R’=H), elicited a
dose-dependent decrease in vivo comparable to MER 25 (a triphenylethanol
derivative with pure antiestrogen property but precluded for use in humans due
to its clinical side effects [180]). These compounds, as well as the parent com-
pound 122, were active in vitro against the estrogen-dependent MCF-7 human
breast tumor cell line in a dose-dependent fashion.

Twenty-four cyclopropyl compounds were screened for their antiproliferative
activities, eighteen were found to be active and five appeared to be promising pure
antiestrogens, superior to tamoxifen 128 not only in the treatment of the estrogen-
dependent tamoxifen-responsive breast cancer patients, but also in the treatment
of the estrogen-independent, tamoxifen non-responsive, breast cancer patients.
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The studies were conducted in the absence or presence of exogenous estradiol to
reveal the estrogen-dependent nature of the cyclopropyl compounds [179, 181].

Ciprofibrate 131 is a potent, long-acting hypolipidemic agent. It is effective in
type Ila, ITb, III and IV hyperlipoproteinemias and produces a beneficial eleva-
tion of the anti-atherogenic high density lipoprotein, Eq. (52) [182].

O_ _COOH
cl x
cl (52)

Ciprofibrate 131

Enantiomerically pure trifluoromethyl- and trifluoroethylcyclopropylcarbi-
nols 132 and derivatives (R=C,_, fluoroalkyl, alkyl, aryl) appeared useful as
intermediates for enzyme inhibitors, physiological active substances and anti-
tumoral agents, Eq. (53), [183].

Esters of 1-(4-pentyloxybenzoyl)cyclopropane-2,2,3-tricarboxylic acid 133
have antineoplastic activity. Thus oral application of 100 mg/kg per day to
mice for eight days suppressed the growth of transplanted S 37 tumor by 26 %,
Eq. (53) [184].
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132 (R = Cy., fluoroalkyl, alkyl, aryl) COOMe (53)
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New types of biologically active substances having a spirocyclopropane ring
and related to the antibiotic quadrone 134 [185], have been synthesized [186].
The bioassay of 2-methylenetricyclo[4.3.2.0"*Jundecan-3-ones 135 and 136 was
undertaken against tumor cells of mice in vitro; their cytotoxicity has been
observed at almost the same level as that of 134. Interestingly, 135 has exhibited
antimicrobial activity against Staphylococcus aureus, Candida albicans, Tri-
choyhyton foetus (minimum inhibitory concentration: MIC, 2.5-5 pg/ml) and
the activity of 136 was somewhat lower (MIC, 20 pg/ml), while quadrone 134 has
no antibacterial or antifungal activity at level of 100 pg/ml, Eq. (54) [187].

« £ &-

Quadrone 134

The mammalian topoisomerase Il enzyme catalyzes the double-strand break-
age of DNA to allow the second strand passage and thereby control the topology
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and conformation of DNA [188]. There are many topoisomerase II inhibitors
that demonstrate useful antitumor activity (e.g. m-AMSA, VP-16 and VM-26)
[189], and it has been suggested that enhanced topo-II-mediated DNA cleavage
is an important mechanism for these antitumor agents [190]. While quinolone-
based inhibitors of bacterial topo-II (DNA gyrase) have long been used success-
fully as antibacterial agents [191] (vide infra), recent studies have identified
some quinolones which also inhibit mammalian topoisomerase II and thus may
have a potential as antitumor agents [192].

WIN 57294 137 is a potent inhibitor of DNA gyrase; it is both clastogenic and
mutagenic, which precluded its development as a human anti-infective agent
[193]. This compound was subsequently found to possess moderate topo II
inhibitory activity (ECs,=7.6 pM). Structure activity relationship studies of
WIN 57294 137 resulted in the discovery that the 3-CO,H group was not a requi-
site for topo II potency for 138, (EC5,=17 pM) [194]. A conformationally rigid
quinolone derivative 139 has been reported to display better topo II po-
tency (EC5,=2.77 pM) [195].

A series of novel 4-substituted-1,4-dihydroquinolines 140 were prepared and
found to exhibit moderate to excellent mammalian topo II inhibitory activity.
Among the compounds prepared, in general, the nitrogen analogues are the
most active compounds and the sulfur analogue is the least active one. The most
potent analogue 140 (X=NH-2-pyridinyl), had a topo II potency nearly equi-
valent to VP-16, a clinically useful topo II interactive antitumor agent,
Eq. (55) [197].

Antibacterial Activities

Cyclopropane containing fatty acids are found in bacterial membranes; thus lac-
tobacillic acid 141 has been isolated from Lactobacillus arabinosus, Brucella
abortus and B. melitensis, Eq. (56) [188].
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Cyclopropyl fatty acids with C,,, C,y and C,; have been formed in many
gram-negative and gram-positive bacteria [198]. The mycolic acid 142 (Cyq) is a
major component of the mycobacterial cell wall of the human strain of M. tuber-
culosis, Eq. (57) [199].

OH
A /A\ COOH
CH3 = (CHa)1e (CHa)a (CHa)1a

CaqHag

(57)
142

The re-emergence of tuberculosis infections by strains which are resistant to
conventional drug therapy has demonstrated the need for alternative chemo-
therapy against Mycobacterium tuberculosis. The fluoroquinolones represent a
major class of antibacterials with great therapeutic potential specially against M.
tuberculosis. Over the years, several structure-activity and side-effect relation-
ships have been developed, covering thousands of analogues, in an effort to im-
prove overall antimicrobial activity while reducing undesirable side effects. The
various structural features of the quinolones which govern antibacterial activity
and influence the side-effect profile have been reviewed [200]. Those features
which most remarkably enhance antimicrobial effectiveness are:

- ahalogen (F or Cl) at the 8-position which improves oral absorption and ac-
tivity against anaerobes

- an alkylated pyrrolidine or piperazine at C” which increases serum half-life
and potency versus gram-positive bacteria

- and a cyclopropyl group at N! and an amino substituent at C>, both of which
improve overall potency [200].

Thus quinolone antibacterial agents, such as ciprofloxacin CPFX 143 [201],
ofloxacin OFLX 144 [202], sparfloxacin SPFX 145 [203] and trovaflaxin 146 [204]
are members of a major class of antibacterial drugs. These fluoroquinolones
show broad-spectrum antibacterial activity and are widely used to treat patients
with infections, Eq. (58).
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Ciprofloxacin 143 Ofloxacin 144 Sparfloxacin 145
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A series of substituted 1-cyclopropyl-6-fluoro-1,4-dihydro-5-methyl-4-oxo-
3-quinoline carboxylic acids was synthesized and tested for their in vitro and in
vivo antibacterial activity [205a-c]. Among them, 1-cyclopropyl-6-fluoro-1,4-
dihydro-5-methyl-7-(3-methyl-1-piperazinyl)-4-oxo-3-quinoline carboxylic acid
147 (grepafloxacin) exhibited potent in vitro antibacterial activity gram-posi-
tive bacteria such as Streptococcus pneumoniae and high in vivo activity on the
experimental systemic infections caused by the gram-positive and -negative
bacteria tested. It also showed a high distribution to the lung and bronchoalveo-
lar lavage fluid in comparison to reference drugs and is now undergoing clinical
evaluation, Eq. (59) [205b].
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Trovafloxacin 146 Grepafloxacin 147 148

It has been recently found that the 5-amino-8-methyl compound 148 showed
strong antibacterial activity (in vitro antibacterial activity of 148 is four times
more potent than that of CPFX 149 against both gram-positive and gram-nega-
tive bacteria), reduced injury to the chromosome, and reduced quinolone-type
toxicity (free from both phototoxicity at a dosage of 30 mg/kg in guinea pigs
(i.v.) and convulsion-inducing activity when coadministered with fenbufen at a
dosage of 100 mg/kg in mice (i.p.)).

Optimization of the 3-aminopyrrolidine moiety of 148 Eq. (59) [206] was ob-
tained by introduction of C-alkyl (Me, Et, Pr, di-Me, cyclopropyl) and N-alkyl
groups (Me, di-Me). C-alkylation at the 4-position of the 3-aminopyrrolidine
moiety enhanced in vitro and in vivo antibacterial activity. (S)-5-Amino-7-(7-
amino-5-azaspiro[2.4]hept-5-yl)-1-cyclopropyl-6-fluoro-1,4-dihydro-8-methyl-
4-oxoquinoline-3-carboxyclic acid 149 and (35,4S)-5-amino-7-(3-amino-4-me-
thyl-1-pyrrolidinyl)-1-cyclopropyl-6-fluoro-1,4-dihydro-8-methyl-4-oxoquino-
line-3-carboxylic acid 150 showed strong antibacterial activity (in vitro antibac-
terial activity including quinoline-resistant bacteria is four times more potent
than that of ciprofloxacin CPFX 143; in vivo antibacterial activity is 1.5 to 20
times more potent than that of CPFX 143 and quinolone toxicity is reduced (free
from both phototoxicity at a dosage of 30 mg/kg in guinea pigs (i.v.) and con-
vulsion when coadministered with 4-biphenylacetic acid at a dosage of 20 mg in
rats (i.c.v.)). Their selectivity between DNA topoisomerase II (derived from eu-
karyotic cells) and DNA gyrase (derived from bacterial cells) was about 3000-
fold, Eq. (60) [207].

For quantitative structure-activity relationship (QSAR) studies a three-di-
mensional model of a DNA-quinolone complex was built using molecular mo-
deling techniques. It was based on the intercalation of quinolone into the double
helix of DNA. It was concluded that the intercalation model is consistent with
most available data on the structure of the quinolone complex. This predicted
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structure is stabilized by the binding of magnesium ion with the sp? oxygens
present in quinolone, a phosphate and a purine base of the DNA. Substituents of
143-144 are predicted to make hydrophobic interactions in the major and
minor groove of DNA, respectively. The piperazinyl substituent could also form
hydrogen bonds with amino groups of guanines and the aspartic acid residue at
position 87 in DNA gyrase subunit A [208].

The 5-methoxyimidazoquinolones 151 have been synthetized and have been
shown to be superior to the corresponding ofloxacin type analogues 152 in in
vitro antibacterial activity. The activity of 151 was equipotent against S. aureus,
but 2 to 16 times less potent againtst E. coli and P. aeruginosa compared to that
of the 5-fluoro analogues 153a,b, Eq. (61) [209].
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151 R = cyclic amino group 152 R = cyclic amino group 153aR = 4-N-methylpiperazinyl
b 3-methylpyrrolidinyl

Novel C’-derivatives of 1-cyclopropyl-6-fluoro-4-quinolonecarboxylic acid
have been synthesized and evaluated for in vitro antibacterial activity. Com-
pounds 154 (3-aminocyclobutyl), 155 (1-aminocyclopropyl), 156 ((2-aminome-
thyl)vinyl), and 157 (1-aminomethyl)vinyl) showed significant inhibitory ac-
tivity, comparable to that of cyprofloxacin 143, against gram-negative bacteria
including P. aeruginosa. A good pharmacokinetic profile (serum and brain con-
centrations and urinary recovery) was obtained for the two cyclic compounds
(154 and 155), but that of the vinylic compounds (156 and 157) was less favor-
able. Compound 156 was less toxic than 155, ciprofloxacin 143 or or ofloxacin
144 in terms of acute toxicity and convulsion-induction, Eq. (62) [210].

NH, O OH NH, O OH NHy O NH, O OH

154 155 156 157
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The three quinolones 158-160 exhibited potent antibacterial activities
against both gram-positive and gram-negative bacteria, which are comparable
to those of ciprofloxacin CPFX 143 and ofloxacin OFLX 144. Among the three
compounds, the best pharmacological and pharmacokinetic profile was obtai-
ned with 160, an OFLX analogue, which was considerably less toxic than the
three reference quinolones 155, CPFX 143 and OFLX 144, Eq. (63) [211].

NH, O OH NH, O OH NH, O OH
F F F
N HoN \ H.N N
NH, F A PN (63)
158 OPH 159 160

For other structure-activity relationship of the quinolone antibacterials im-
proved by the presence of cyclopropyl substituents see Ref. [212].

Intensive efforts to expand the antibacterial spectra of existing oral f-lactams
[213] have led to a new type of an orally absorbable cephalosporin, ceftibuten
161, which shows a broad and potent antibacterial activity against most gram-
negative bacteria with limited activity against gram-positive ones [214]. Anti-
bacterial activity against gram-positive bacteria was potentiated by increasing
the alkyl moiety in the 73-side chain with decreasing the activity against gram-
negative ones. Compounds 162a-c carrying alkyl groups such as isopropyl,
cyclopropyl and cyclopentyl connected directly to the vinyl carbon were slightly
less active against gram-positive bacteria and more active against gram-nega-
tive bacteria than 162d - e substituted via a methylene group such as propyl, cy-
clopropylmethyl and cyclopentylmethyl, Eq. (64) [215].

NH, NHo
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H S R H S
HOOGC™ ™ 7
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COOH COOCH
Ceftibuten 161 162a R=iPr d  cyclopropylmethyl

b cyclopropyl e  cyclopentylmethyl
c cyclopentyl

8
Antiviral Activities

More than 60 per cent of all diseases in Europe, North America and Japan are
caused by the action of viruses, amongst them bronchitis, hepatitis, influenza,
infections by several strains of herpes as well as by human immunodeficiency
viruses (HIV) [216]. Modified nucleosides that inhibit the replication of the
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viruses have been used in the chemotherapy of these infections [217]. These
analogues, which act through similar mechanisms, can be divided into three
categories: 1) phosphate modified, 2) base modified, and 3) sugar modified.
Most of the known active compounds belong to the two latter groups [218]. Of
main interest are compounds the ribose unit of which has been subject to major
changes, either by replacement by a cyclopentane or cyclopentene (carba-
sugars), oxetane or cyclobutane ring, or by an acyclic chain. Thus Penciclovir 163
had emerged as a potent and selective anti herpes-virus agent, particularly
active against herpes simplex types 1 and 2 (HSV-1 and HSV-2) and varicella
zoster virus (VZV) [219]. In order to clarify the relationship of side chain con-
formation and flexibility to biological activity, cyclopropane-containing gua-
nine, purine and pyrimidine nucleosides, such as the 9-[2,2-bis(hydroxyme-
thyl)cyclopropyl]guanine 164 for instance, have been synthesized in order to test
their potential anti-retroviral activity. The approach overlaps the area of car-
bocyclic nucleoside analogues, such as the isomeric compound SQ 32,829 165
[220], which have recently received considerable attention due to their potent
antiviral activity, Eq. (65) [221].
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HO
HOH,G N ﬁm (65)
HO
Penciclovir 163 164 SQ 32,829 165

However, the nucleoside analogue 164 was found to be devoid of activity
against HSV-1, HSV-2, VZV and the cytomegalovirus (CMV) in human fibro-
blast (MRC-5) cells. In this case the decreased conformational flexibility result-
ing from the introduction of the cyclopropyl group into 164 appeared to be un-
favourable for interaction with the enzymes involved (vide supra, Sect. 2.9)
[222]. Likewise, the cyclopropylpyrimidine 166¢c—f and 167, the cyclopropyl-
purine nucleosides 168 showed no antiviral activity against HSV-1, HSV-2,
HCMYV and HIV-1 in cell culture, Eq. (66) [223].

A new class of purine nucleoside analogs such as 169 comprising a methy-
lenecyclopropane moiety has recently been reported to exhibit potent in vitro
activity against a number of herpes viruses including human and murine cyto-
megalovirus (HCMV and MC-MYV), Epstein-Barr virus (EBV), varicella-zoster
virus (VZV), human herpes virus 6 (HHV 6), herpes simplex virus type 1 and 2
(HSV-1and HSV-2). They also inhibit the replication of hepatitis B virus and hu-
man immunodeficiency virus type 1 (HIV-1) [214]. The (Z)-isomer revealed
higher biological activity (EC5,=26 pM for 169 and comparatively >100 pM
for its trans isomer); and (-)-(Z)-169 was highly effective against HIV-1 with
ECs, =13 pM [215]. Efficient syntheses of these purine nucleoside analogs have
been recently reported from the coupling reaction of vicinal dibromocyclopro-
pane derivatives with adenine [225, 226].
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Although the methano homologues of oxetanocin, i.e. the (Z) and (E) nucleo-
sides 170 (R=adenine, thymine, 5-fluorouracil) were devoid of anti-HSV-1 ac-
tivity [227], the guanine derivative 170 (R=guanine) showed activity against
herpes simplex HSV-1 strain KOS in cell cultures (IDs, of 0.023-120 pg/ml)
[228]. In vitro, the 9-[2-(1,2-dihydroxyethyl) cyclopropyl]guanine 171 produced
an inhibition of virus-induced cytopathogenic effects in E-377 cells challenged
with herpes simplex virus (virus rating of 1.8 at 101 mg/ml), Eq. (67) [229].
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(E)- and (2-170 HO
(R = adenine, thymine, 5-fluorouracil, guanine) 171

The cyclopropylcarbinol nucleosides 172-177 have also been prepared and
tested as antiviral, antitumoral, antibacterial agents and neoplasm inhibitors,
Eq.68) [230-232].
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Nucleosides such as 178 and 179 containing a cyclopropane ring fused to the
sugar portion have shown antiviral activity; their stereocontrolled syntheses
have recently been achieved, Eq. (69) [233].

H NH
& q* oo Y
3 h H hd (69)
H H o)

178 179

The two diastereomers of 5-(2,2-dichlorocyclopropyl)-180a (X!, X>=Cl) and
the four diastereomers of 5-(2-chlorocyclopropyl)-2’-deoxyuridine 180b
(X!'=Cl, X2=H), as well as the corresponding brominated 180¢,d and fluori-
nated derivatives 180e, f have been prepared and examined for antiviral and
cytotoxic activity, in comparison with (E)-5-(2-bromovinyl)-2’-deoxyuridine
BVDU 181 and 5-fluoro-2’-deoxyuridine FDU 182. The (1R,2R)-5-(2-chlorocy-
clopropyl)-2’-deoxyuridine 180b was the most active antiviral agent against
herpes simplex HSV-1, relatively to BVDU 181 (ED=0.082 pg/ml). Compounds
having the R configuration at the C-1 and/or C-2 positions of 180a,b exhibited
the most potent antiviral activity. The (1R)-difluoro compound 180e was also
more active than BVDU 181 against HSV-1 and a cytotoxic agent in the CCRF-
CEM (IC5,=230 pM) screen relative to FDU 182; the (15)-180e diastereomer was
inactive in both screens. Moreover (1R)-180e was more resistant to glycosidic
bond cleavage by thymidine phosphorylase than its (1S) diastereomer, Eq. (70)
[234].
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c X'\, X2=Br f X;=F,Xy=H

The rapid spread of acquired immune deficiency syndrome (AIDS) has
prompted numerous efforts to develop therapeutic agents against the human
immunodeficiency virus type 1 (HIV-1) [235]. Efforts have focused on inhibi-
tion of the virally encoded reverse transcriptase (RT) enzyme, which is respon-
sible for the conversion of retroviral RNA to proviral DNA. The nucleoside RT
inhibitors 3’-azidothymidine (AZT) and dideoxyinosine (ddI) have proven to be
clinically useful anti HIV-1 agents [236], but due to their lack of selectivity ver-
sus other DNA polymerases, these compounds are flawed by their inherent toxi-
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cities [235]. Therefore a considerable number of potent non-nucleoside HIV-1
RT inhibitors which act at an allosteric site unique to HIV-1 RT, providing selec-
tivity versus other DNA polymerases, have been reported [238].

Among them, the cyclopropyldihydroquinazolinones 183a,b were shown to
be potent inhibitors of HIV-1 RT; however their potential therapeutic utility was
hampered by metabolic liability. Thus, the 3-methyl group is susceptible to oxi-
dative metabolism, resulting in loss of this substituent; removal of this methyl
group results in large losses in inhibitory potency and severe limits in oral bio-
availability [239]. The (-)-(4S)-enantiomer of compound 184, where the 3-me-
thyl of 183a was replaced by a 3-(2-pyridinoethynyl), had exhibited the most
favorable overall biological profile to overcome these problems; effectively (4S)-
184 was a potent antiviral agent in cultured MT-4 cells infected with HIV-IIIb,
possessing a CI Co; value of 25 nM (n>10); its (+)-(4R) enantiomer was essen-
tially inactive, Eq. (71).

OYH o N
H3C’NR cl HN\“‘. cl
Y 4 (71)
Ne=
\_/
183a R = alkyl
b C=CH (-)-(45)-184

Oral administration of (4S)-184 to rhesus monkeys at 10 pg/kg provided peak
levels of 12 mM at 2-4 h, while levels of parent drug remaining above 4 mM af-
ter 24 h. In view of this, (45)-184 was chosen as a candidate for further preclini-
cal investigations; its potential to induce resistance and its activity against a
number of known HIV-1 RT mutants are under current investigation [239]. The
low oral bioavailability and rapid biliary excretion of peptide-derived HIV pro-
tease inhibitors have limited their utility as potential therapeutic agents. From a
broad screening program to discover nonpeptidic HIV protease inhibitors,
phenprocoumon (compound 185,K; =1 mM) was previously identified as a lead
template. Overlay of the crystal structures of HIV protease complexes contain-
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ing the peptide-derived inhibitor 186 and the nonpeptidic inhibitor 187 provid-
ed the basis for a molecular-modeling study that suggested the incorporation of
a carboxamide functionality at the meta position of the benzyl side chain at
C-3,Eq. (72) [240].

Compound 188 was prepared and shown to have improved inhibitory activity
over the reference compound 185. A crystal structure of the inhibitor 188 HIV
protease complex was then determined, and the conformation of the inhibitor
188 in the enzyme active site was compared to that of the conformation expect-
ed from the modeling study. On the basis of this structure-based design of com-
pound 188, additional sets of analogues in the 4-hydroxy coumarin and the 4-
hydroxy-2-pyrone series were prepared to evaluate the structure-activity rela-
tionship and to discover inhibitors with improved inhibitory potency. The
inhibitor 189, in the 4-hydroxycoumarin series, exhibited high HIV protease in-
hibitory activity with a K; value of 1.4 nM. This finding of a specifically added
carboxamide functionality to the inhibitory template, which resulted in inhibi-
tors with improved enzyme-binding affinity, provides a new direction for the
preparation of new promising series of potent and nonpeptidic HIV protease in-
hibitors. Although the inhibitors 189 and 190, contain amino acid residues, com-
pounds 191 and 192, without amino acids, also showed high inhibitory activity.
These latter two compounds provided a basis for the further exploration of more
structure-based design experiments with non-amino acid-containing 4-hy-
droxycoumarin and 4-hydroxy-2-pyrone analogues which are expected to result
in potent HIV protease inhibitors, Eq. (73) [240].
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Recently, the novel cyclooctylpyranone HIV protease inhibitor 193a was iden-
tified and an X-ray structure analysis of this inhibitor complexed with HIV-2
protease was obtained. This crystal structure was used to develop two strategies
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for creating derivatives of 193a with enhanced enzyme inhibitory activity.
The first strategy, substitution on the cyclooctyl ring, met with limited success,
but provided some interesting information about the conformationally flexible
cyclooctyl ring on the inhibitors. The second strategy, substitution at the meta
postion of the aromatic ring, was far more successful and generated compounds,
such as the carboxamide derivatives 194a (K; = 3.0 £ 0.4 nM) and 194b
(K;= 4.0 £ 0.8 nM), which were significantly more active than the correspond-
ing unsubstituted cyclooctylpyranone 193b (K; =11.7+4.7 nM). An X-ray
crystal structure of 194b complexed with HIV-1 protease indicated the increase
in binding affinity is most likely due to the additional interactions between the
amide substituent and the S3 region of the protease, Eq. (74) [241].

OH R OH
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193a R =Et 194a R = N-BOC- 2-(3-imidazol)ethylamine
b cyclopropyl b N-BOC -ethylamine

The only agents currently approved for the treatment of the acquired immune
deficiency syndrome (AIDS) exert their therapeutic effects at the level of the
human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) en-
zyme. These therapeutics, the nucleoside analogs AZT [241], DDI [242], DDC
[243] and D4T [244], after intracellular transformation to the triphosphates, are
incorporated by RT into the nascent proviral DNA and thereby terminate its syn-
thesis. In addition to the nucleoside analogs, there is a second class of RT inhib-
itors, the non-nucleosides, exemplified by the dipyridodiazepinone nevirapine
195a [245]. The non-nucleoside RT inhibitors [246-250] bind close to the active
site [251-254] inducing conformational changes that affect the catalytic effi-
ciency of the enzyme [255, 256]. Notwithstanding the differing mechanisms of
action, the emergence of resistant viruses is a major limitation associated with
the use of either nucleoside or non-nucleoside inhibitors of RT [257 -259].

The primary cause of viral resistance to nevirapine 195a is the mutation
which substitutes cysteine for tyrosine-181 in RT (Y181 RT) [258]. This Y181C
RT is less sensitive to nevirapine 196a than the wild-type enzyme and also less
sensitive to other non-nucleoside inhibitors [259]. Besides improving potency
against the wild-type enzyme, a major focus was to achieve significant activity
against the Y181C RT. Of the previously reported dipyridodiazepinones [260],
only the 2-chloro derivative 195b displayed significant inhibition of the Y181C
RT (IC5,=0.21 mM).

The potency of the dipyridodiazepinone class against the wild-type RT has
been enhanced, and inhibition has been extended to the Y181C RT and other
mutant RT enzymes by substitution at the 2-position of the dipyridodiazepi-
none ring system. Excellent activity against wild-type RT can be achieved with
methyl or methoxy substituents 195¢,d, although in these cases there is only
moderate activity against the Y181C mutant enzyme. Potency against both wild-
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type RT and the Y181C RT can be achieved with chloro 195b, pyrrolyl 195e,
pyrazolyl 195f, substituted phenyl 195g,and substituted pyridyl groups 195 h.In
addition, some of these substitutions confer activity against mutant RT enzymes
resistant to other classes of non-nucleoside RT inhibitors. It remains to be seen
whether or not new mutations in the RT enzyme can confer resistance to these
more potent analogs of nevirapine, Eq. (75) [261].

(75)
Nevirapine 195a R=H e pyrrolyl
b Cl f pyrazolyl
c Me g 4-NH2Ph
d OMe h 4-NH,Pyridyl

Following the discovery of the antiviral activity of the azidothymidine ana-
log, and the activity of the 3"-azido-2’-dideoxyguanosine analog [262], the syn-
thesis of a series of 2-amino-6-substituted-(3azido-2",3"-dideoxy-b-D-erythro-
pento-furanosyl)purine analogs 196 was undertaken to explore the structure-
activity relationships.

Among the various substituents at the 6-position of the purine ring, only the
trans-(2-phenylcyclopropyl)amino derivative 196b consistently demonstrated
inhibition of MT4 cell growth (vide supra 10 in Eq. (5), Sect. 2.4), Eq. (76) [263].
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b trans-2-phenylcyclopropylamino

9
Neurochemical Activities

Anatomical and pharmacological studies have both indicated that the two ma-
jor transmitter systems within the brain are the inhibitory GABA ergic and the
excitatory amino acid (EAA) pathways [264]. At least four different receptors
mediate the action of EAA, they are named according to the most selective li-
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gand used to characterize them: N-methyl-p-aspartate (NMDA), quisqualate,
kainate and L-2-amino-4-phosphonobutanoic acid (AP4) receptors. The NMDA
receptor has received the most investigation based upon recent advances in the
availability of pharmacological tools to study this receptor. It rapidly became
clear that the NMDA receptor is a macromolecular complex possessing negative
modulatory sites which bind phencyclidine (PCP), Zn?* and Mg?* [265]. Elec-
trophysiological and neurochemical investigations have demonstrated that gly-
cine can modulate the activity of NMDA-operated cation channels [266]. The
glycine B site was characterized as a modulatory site of the NMDA receptor
complex [267] which can influence the binding of PCP ligands [268]. Various
types of antagonists [269], partial agonists [270] and agonists have been identi-
fied. Among them ACC 71, which is structurally related to glycine, is a potent and
selective ligand of the glycine modulatory site coupled to NMDA receptors, and
appeared to be an even more specific ligand for the glycine B receptor than gly-
cine itself. Therefore, ACC 71 (vide supra, Eq. (28)), may prove useful in neuro-
chemical, pharmacological and electrophysiological studies of the NMDA re-
ceptor complex [271].

2,3-Di[*H]-ACC 197 has been synthesized as a specific ligand for the gly-
cine-B binding site [272]. The hypothesis of NMDA-mediated cell death in
stroke, and the possible involvement of this receptor in neurodegenerative dis-
eases such as Alzheimer’s disease and Huntington’s chorea have been suggested
[273]. Although, the role of the Gly-B site in convulsions (epilepsy) has not been
clearly defined, glycine has been shown to be active as an anticonvulsant,
Eq. (77) [266].

COOH

(77)
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Both the Gly-B agonist D-cycloserine [275], a positive modulator of the
NMDA receptor which enhances performances of learning tasks in rats, and the
glycine prodrug, milacernide [276] have demonstrated memory enhancing ac-
tions (memory disorders). Therefore, such glycine-B agonists allow the charac-
terization of the possible receptor subtypes and the understanding of the mole-
cular biology of the receptor complex, which are crucial in the design of optimal
pharmacological modulators [277].

The syntheses of the four diastereomers of a-(carboxycyclopropyl)glycines
(Z)-198a and (E)-198b isolated from Aesculus parviflora [276], have been re-
ported [277]. Neurobiological assays using a B-hydroxy-L-glutamate (L-BHGA)
sensitive neuron from an african giant snail (Achatina fulica Ferrusae) [278]
have indicated clearly a conformation-activity relationship; thus the diastereo-
mer of 198 with erythro configuration and extended conformation, i.e. with the
active conformation of L-BHGA when its interacts with the receptor, was mar-
kedly recognized by the neuron receptor, Eq. (78).
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(78)

(2-(2S,35,4R)-198a (E)-(25,35,45)-198b

As it is now clear that excitatory amino acids (EAA) play a critical role as neu-
rotransmitters in the brain [279], in addition to the putative endogenous ago-
nists, synthetic agonists such as NMDA 199 and (2R,3S,4R)-a-(carboxycyclo-
propyl)glycine 198 ¢ have been identified, Eq. 79 [280].

NHMe H H
HOOG NH
HOOC COOH 2 (79)
HooC
NMDA 199 (2-(2R.3S,4R)-198¢

They have provided clues about the conformation of agonists at the receptor
site. The cyclopropane ring was used to prepare conformationally restricted
glutamic acid analogues which have exhibited affinity and potency at the NMDA
receptor similar to those of glutamic acid itself and more selectively, they show-
ed decreased affinity at other EAA receptors. These results, led to the considera-
tion of the synthesis of hybrid molecules such as the (E)- and (Z)-phosphono-
methanoamino acids 200-202, in which the basic framework of the related
2-amino-5-phosphonopentanoic acid AP5-203 a, has been rigidified by a cyclo-
propane ring, as competitive antagonists for the NMDA receptors.

Biological evaluation using [*H]-L-glutamate as radioligand, has shown that
among the AP5 analogues, the position of the methano bridge becomes less and
less favorable when it moves from the 4,5-position to the 2,3-position. Thus the
4,5-methanol-AP5 compound 202 has a higher affinity for the receptor than its
3,4-isomer 201 (n=1), and the most favored configuration for the 3,4-methano
AP5 201 is trans (E). A surprising agonist-like efficacy was manifested by the
AP7 analogue 201b (n=2), Eq. (80) [281].

Ha04P
S(CHan  Hy04 PO3H,

P
(CHal—< [
HoOgP~"" 2 coon (CHa)n
A (80)
H N HoN HoN” ~COOH

COOH H,N°  COOH

(E)(2) -200 (B)(2)201a n=1 202 203a n=1
b 2 b 2

Peptidomimetics of the anti-opiate neuropeptide Phe-Met-Arg-Phe-NH,
have been synthesized by exchanging the Met with each of the four isomers of
2,3-methanomethionine 204. All these peptides entailed more morphine absti-
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nence in morphine addicted rats, although receptor binding studies in vitro
have shown that the methanologues were less strongly bound than the parent
peptide [282]. CCK methanologues containing (Z) or (E)-methanophenyl-
alanine 205 showed different selectivities for the CCK-A or CCK-B receptors, al-
though they were less highly bound than CCK itself, Eq. (81) [283].
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The development of the benzodiazepine class of drugs for the treatment of a
variety of neurological indications has proven to be an outstanting success story
in the field of chemotherapy. However, these compounds often produce undesir-
able side effects when used as anti-anxiety or hypnotic agents. These side effects
include sedation, physical dependence, amnesia, muscle relaxation, and ethanol
potentiation. The development of a benzodiazepine receptor-based anxiolytic
agent devoid of these side effects would constitute a major advance in the field
and has been the focus of significant research efforts [284].

Benzodiazepines exert their influence by interacting with the benzodiazepine
receptor (BzR) located on the a-aminobutyric acid (GABA,) chloride ion chan-
nel complex. Associated with the GABA , ion channel are a variety of recognition
sites for small molecules, which can directly influence the ability of this channel
to transport chloride ion across neuronal membranes. In addition to the benzo-
diazepine receptor, there exist binding sites for y-aminobutyric acid (GABA),
barbiturates, picrotoxin (and other convulsant agents), and neurosteroids [285].
When GABA, the major inhibitory neutrotransmitter in the central nervous sys-
tem (CNS), binds to its receptor, the flow of chloride ion through the channel is
increased and the excitability of the neuron is reduced [286]. Of the many types
of receptor-ligand interactions that influence this GABA-induced chloride flux,
the benzodiazepine receptor and its ligands have been the most widely studied,
with many structural classes discovered which span the entire activity spec-
trum. Full agonists potentiate the GABA-induced chloride flux to further
decrease the excitability of the neuron and have found wide-spread use as an-
xiolytic, hypnotic and anticonvulsant agents. In contrast, inverse agonists which
decrease the flow of chloride ion are proconvulsant and anxiogenic in nature.
Antagonists which have minimal or no effect on the chloride flux have neutral
activity. Presumably, partial agonists lie within this activity continuum [287].
This is especially intriguing in that partial agonists may display anti-anxiety
properties but, due to their lowered intrinsic activity, lack the undesirable side
effects often associated with full agonists [288].

The search for viable partial agonists or subtype selective ligands has led to
the development of a variety of compounds representing diverse structural
types including imidazoquinoxalines, benzodiazepines, imidazopyridines and
P-carbolines. In an effort to identify replacement candidates for the partial ago-
nist pandiplon U 78875 206 [289], which was removed from clinical trials due to
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liver enzyme induction, a variety of analogs were prepared and evaluated. One
class of compounds studied consisted of imidazo[1,5-a]quinoxaline amides,
carbamates, thiocarbamates, and ureas of which U-91571 207 is representative
[290]. Analogs within this series had varying activity; however, like 207, most
were partial agonists. Another related class of compounds that was explored in-
volved a series of tetracycles as represented by U-89267 208, in which the car-
bonyl group was constrained to point toward the arene ring by incorporating a
C(4)-N(5) tether (imidazo[1,5-a]-quinoxaline numbering [291]. Interestingly,
derivatives from this subseries were full agonists by in vitro measurement (TBPS
shift ratio) and were extremely potent in in vivo assays such as the metrazole
antagonism assay. Furthermore, compounds such as 208 had unusually high af-
finity (13 nM) for the a,f3,6, subtype, whereas most derivatives from the “un-
cyclized” series (e.g. 208) did not bind to this subtype, Eq. (82) [290-292].
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Constraining the appended substituent of U-91571 207 into a tetracyclic imi-
dazo[1,5-a]quinoxaline ring system provided a series of high-affinity ligands
for the GABA s/benzodiazepine receptor complex. In addition, this constraint,
which forces the carbonyl group into a relatively planar ring system, provided
analogs with an antagonist to partial agonist intrinsic activity profile as indicat-
ed by TBPS shift and Cl” current measurement. Only 209a, b, which contain out-
of-plane substituents at the 4-position, were nearly full agonists (in vitro). Most
analogs were active in a metrazole antagonism assay consistent with ani-con-
vulsant and possible anxiolytic activity. While the most effective analogs in this
assay contained out-of-plane 4-substituents, several of the planar derivatives, in-
cluding 210, were surprisingly effective, especially considering their intrinsic
activity. In contrast to 209, none of the analogs reported herein had reasonable
affinity for the diazepam insensitive a,f3,6, subtype. Clearly, the orientation of
the carbonyl group (and added steric bulk) in 210 and related analogs prevents
effective interaction with the af3,9, subtype in contrast to the nonplanar lactam
ring of 208. In addition, orientating the carbonyl group away from the aryl ring
in a planar configuration provides analogs with partial agonist (or antagonist)
properties which can,however be overridden by bulky out-of-plane substituents
to provide full agonists, Eq. (83) [293].

A series of imidazo[1,5-a]quinoxaline amides, carbamates, and ureas which
have high affinity for the y-aminobutyric acid A/benzodiazepine receptor com-
plex was developed. Compounds within this class have varying activities rang-
ing from antagonists to full agonists. However, most analogs were found to be
partial agonists as indicated by [**S]TBPS and Cl- current ratios. Many of these
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compounds were also effective in antagonizing metrazole-induced seizures in
accordance with anticonvulsant and possible anxiolytic activity. Selected quino-
xalines displayed limited benzodiazepine-type side effects such as ethanol po-
tentiation and physical dependence in animal models. N,N-Dimethyl urea 211
emerged as the most interesting analog, having a partial agonist profile in vitro
while possessing useful activity in animal models of anxiety such as the Vogel
and Geller assays. In accordance with its partial agonist profile, 211 was devoid
of typical benzodiazepine side effects, Eq. (84) [294].
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Schizophrenia is one of the most severe phychiatric illnesses and is character-
ized by hallucinations, delusions, and disorganized thought and behavior which
result in major impairment of the patient’s social and occupational function.
Current medications utilizing typical neuroleptic antipsychotics such as halo-
peridol 212 show some promising activity in controlling the positive symptoms
of schizophrenia. However, their effects are only partial, and they induce a sub-
stantial incidence of extrapyramidal symptoms (EPS) as neurological side ef-
fects [295]. Traditionally, two dopamine receptor subtypes have been classified
on the basis of pharmacological evaluation, namely, the D, and D, receptors.
Existing anti-psychotics are considered to act via the blockade of the classical
“D, receptor” [296]. Recently, however, molecular biological approaches have led
to the discovery of the novel dopamine D; and D, receptor isoforms [297], which
are classified as the D,-like (D,, D; and D,) receptor subfamily, and the D5 re-
ceptor [298], which is classified as the D;-like (D, and D;) subfamily. The D,-like
receptor subfamily isoforms correspond to the classical D, receptors. D; and D,
receptors are particularly concentrated in the mesolimbic and mesolimbocorti-
cal regions of the central nervous system, respectively [299]; areas which are
thought to control emotional and cognitive functions and to be implicated in the
pathology of schizophrenia [298]. In contrast, few D; and D, receptors are found
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in the nigrostriatal region, which is rich in D, receptors and of which blockade
of the dopamine system has been suggested to be associated with EPS [299].

A series of N-(3-pyrrolidinyl)benzamide derivatives have been synthesized
and evaluated for their binding affinity for dopamine D,-like receptor subtypes.
The SAR studies indicate that the 4-substituent on the benzamide nuclei and the
N-substituent on the pyrrolidine ring play a critical role in improving D; and D,
selectivity over D, receptors. Some preferential D; and D, antagonists also exhi-
bited potent inhibitory activity against apomorphine-induced climbing beha-
vior in mice. Among them the novel [(cyclopropylcarbonyl)amino]benzamide
214 possesses high affinity for D; and D, receptors (K; values of 21 and 2.1 nM
respectively) and selectivity for D, and D; receptors (Kip,/Kips = 110, Kip,/Kips
= 10) with weak or negligible affinity for other neurotransmitter receptors. In
vivo, 213 exhibited inhibitory activity against apomorphine-induced climbing
behavior with an ED;, value of 0.32 mg/Kc (sc), this biological profile is mark-
edly different from those of known antipsychotics [299]. Thus compound 213
may produce unique pharmacological effects, including atypical antipsychotic
effects. Further, it is believed that 213 would contribute to the understanding of
the physiological and pharmacological functions of D,-like receptor isoforms,
Eq. (85) [301].
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Haloperidol 212 213

10
Miscellaneous

During work on a series of aspartyl dipeptides containing ACC 71 (vide supra,
Eq. (28), Sect. 4) at the carboxyl terminus, it was reported that dispartame Asp-
ACC-OMe had a distinct sweet taste [302] and that the corresponding n-propyl
ester had 250-300 times the sweetness of sucrose [303]. However, replacement
of phenylalanine by 2,3-methanophenylalanine gave tasteless analogues of as-
partame [293, 304], and some dimethyl-ACC 214 (methanovaline) and tri-
methyl-ACC 215 aspartame analogues [Asp-(Me),-ACC-OMe] have a bitter
taste. These taste properties, which depend on the number and position of the
methyl substituents, have been explained on the basis of topochemical models;
thus, a L-shaped conformation of the dipeptide is necessary for sweet taste,
Eq. (86) [305].

&COOH COOH
NH NH; (86)
214 215
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The renin-angiotensin system plays an important role in the pathophysiology
of cardiovascular disease and agents such as angiotension converting enzyme
(ACE) inhibitors are effective for the treatment of hypertension [306]. Antago-
nism of angiotension II (AII) AT, receptors may also be a useful strategy for the
treatment of hypertension and seveal groups have disclosed non-peptidic AII
antagonists [307].

Many reported AII antagonists, such as losartan 216 and its more pharma-
cologically active metabolite EXP 3174 217, share structural features believed to
be important for activity. These include a heterocycle with one or more basic
nitrogen atoms, an alkyl substituent in the 2-position relative to the basic nitro-
gen, an aryl susbtituent with an acidic group in the 3-position and an acid or its
metabolic equivalent in the 4-position. Quinolin-4-carboxylic acids 218 appear-
ed to accomodate all these structural features, Eq. (87). An initial study was the
modification of the alkyl group R at the 2-position of the quinoline. The activity
of the compound where R is n-propyl 218a, confirmed the hypothesis that the
quinoline-4-carboxylic acids can be high affinity ligands for the AII receptor.
Reducing the size of the substituent to ethyl 218b had little effect on binding af-
finity or functional potency but substitution of a methyl group 218c¢ reduced
functional potency by 10 fold. The most interesting compound in this study was
the 2-cyclopropyl compound BMS 183920 218d which showed very potent and
insurmountable antagonism in the functional assays, Eq. (87) [308].
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Losartan 216 EXP 3174 217 21 8;1 R= glt?r
c Me
d cyclopropy!

Despite excellent intrinsic potency, weak oral activity limited the in vivo ac-
tivity of 218d. Efforts to improve its oral bioavailability by a prodrug approach
led to the preparation of two compounds with improved oral activity and bio-
availability, the dioxolenonylmethanol ester BMS 184698 219 and the N-alkyl
tetrazole prodrug 220, Eq. (88).

This prodrug modification more than doubled the oral bioavailability of the
parent compound. Furthermore, BMS 184698 219 was shown to be an effective,
orally active antihypertensive agent in the sodium-replete spontaneously hyper-
tensive rat. Compared to losartan 216 at 30 mmol/kg p. 0. once-daily doses, BMS
184698 219 was the better antihypertensive agent [309].

Retinoids are small molecule hormones that elicit pleiotropic biological re-
sponses by activating two families of nuclear receptors which are structurally
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and evolutionarilly related to the steroid/thyroid hormone receptor superfamily
[310]. The two families are the retinoic acid receptors (RARs) [311] and the
retinoid X receptors (RXRs) [312] and each family consists of three subtypes
(a, B, and y) which are encoded by distinct genes. Physiologically, retinoid
hormones regulate a variety of very basic biological functions both in develop-
ment and in the adult [313]. Disruption of the normal pathways of retinoid
homeostasis either by vitamin A deficiency [314] or by alteration of retinoid
receptors [315] can lead to disease conditions. Consistent with their broad phy-
siological effects, retinoids are of potential clinical use in a variety of areas
including dermatology [316], oncology [317], opthalmology [318] and cardio-
vascular disease [319].

The physiological hormone for the RARs is all-trans-retinoic acid RA 221 and
that for the RXRs is its geometric isomer, 9-cis-retinoic acid (9-cis-RA 222)
[320]. However, these polyolefinic hormones are of only limited use in elucidat-
ing the precise biological roles of each receptor family. Synthetic ligands that
specifically activate only the RXR or RAR hormonal pathway and which cannot
be converted into forms that activate the other pathway would be of much
greater use in this regard.

The cyclopropane ring has been used as an isostere for the C9-C10 double
bond to obtain locked-9-cis and 9-trans retinoid analogs. The 9-cis-locked ana-
log 223 is the most potent RXR analog described to date. Because of its intrinsic
pharmacologic selectivity and because it cannot be converted to an RAR active
form, compound 223 is the highest affinity and most potent RXR agonist de-
scribed to date and would be a very useful tool in defining the biology associat-
ed with the RXR hormonal pathways, in vivo (Eq. 89) [321].

WCWH NN Q@K_%
= (89)
N COOH

COOH
RA 221 9-cis-RA 222 223
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Imidazolines are one of the most studied classes of a-adrenergic drugs.
Discrete structural modifications of these ligands reveal agonist or antagonist
properties with varying degrees of selectivity for a-adrenergic receptor sub-
types. In addition, several of these ligands also exhibit high affinity for a family
of membrane proteins termed imidazoline receptors or imidazoline/guanidi-
nium receptive sites (IGRS). Idaxozan-224, for example, a selective a,-adrener-
gic receptor antagonist [322] belonging to the imidazoline class, has been shown
to recognize these sites in a wide range of tissues, with an affinity comparable
with that determined at a,-adrenergic receptors [323]. Cirazoline 225, a potent
a;-adrenergic receptor agonist and a,-adrenergic receptor antagonist [324], ex-
hibits high affinity for IGRS in a variety of tissues [323]. Thus, this molecule can
serve as a useful starting point to characterize the structure-activity restrictions
of this diverse group of ligand-binding pockets.

Removal of the cyclopropyl group to give the unsubstituted compound 226a
results in a 10-fold decrease in potency which parallels the decrease in affinity,
while efficacy is virtually unaffected. It is worth noting that, if compound 226a
is considered as the reference, substitution at ortho position either with an alkyl
or alkoxy group increases both potency, with exception of compound 226b, and
affinity. On the other hand, activity is negatively affected, with the exception of
cirazoline 225 and compound 226¢, in which the presence of the cyclopropyl
group or of the two methyl groups appears to favor retention of activity. This lat-
ter finding supports the hypothesis [324] concerning the role played by the cy-
clopropyl group in increasing activity, Eq. (90) [325].

oL, Ol CCL
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b R'=sBuRE=H
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Carbetapentane (2-[2-(diethylamino)ethoxy]ethyl-1-phenyl-1-cyclopentane
carboxylate) 227 binds with high affinity to o sites [*H]-(+)-3-PPP ((+)-3-(3-
hydroxyphenyl)-N-propyl piperidine; K;=11 nM), [*H]dextromethorphan
(K;=11 nM), [*H)-(+)-pentazocine (K;=32 nM) [326] and demonstrates anti-
convulsant [327], antitussive [328],and spasmolytic [329] actions. In an attempt
to determine whether these psychoactivities can be attributed to interaction at
o sites, a series of carbetapentane analogs were prepared. Phenyl ring substitu-
tion; contraction, expansion, and replacement of the cyclopentyl ring by a
methyl group; replacement of the carboxylate function with an amide, methyl
ether, and methylamine; and replacement of the N,N-diethylamino substituent
with a morpholinyl or piperidinyl moiety were investigated. All of these novel
analogs were evaluated for binding, the most selective ligands were found to be
compounds 228-230. The chemical modifications including replacing the cy-
clopentyl ring with a smaller ring system, i.e. cyclopropyl 228 or a methyl group
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229, replacing the ester function by an amide function 230 or replacing the di-
ethylamino moiety with a morpholino group resulted in >220 fold selectivity
over muscarinic receptor binding. Therefore, several of these novel compounds
are potent o selective ligands which can be investigated as potential antitussive,
anticonvulsant, and antiischemic agents Eq. (91) [330].

JEt
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Amidinobenzisothiazoles 231 displayed remarkable analgesic action and an
interesting antiphlogistic action, which is often dissociated from antipyretic ac-
tion. New derivatives 232a-e (R=H, Me) have been synthesized in order to eva-
luate their antiinflammatory, antipyretic and analgesic activities in vivo as well
as their in vitro spasmolytic activity and to improve the understanding of struc-
ture-activity relationships. Within this series only the compounds 232¢ (R=H
and Me), and 232d (R=Me) display a significant analgesis/antipyretic activity
devoided of undesirable side effects. Therefore, the introduction of alicyclic
structures, i.e. cyclopropane or cyclopentane rings, in the amidinobenzoiso-
thiazole derivatives afforded effective compounds with improved activity,
Eq.(92) [331].

NR? NH,
N= N=—
R R! R R
| N | N
S S (92)
231 R =H,Me 232a R'=CH,CI d cyclopentyl
R;:H, Me, Ph b CH,-CH=CH, e  2-pyridiny!
R“=H, Me c cyclopropyl

Curacin A 233 is a novel antimitotic agent recently isolated from a Caribbean
cyanobacterium Lingbya majuscula (blue-green algae). It was reported that cu-
racin A inhibited tubulin assembly by binding to the colchicine-binding site
[332], which is one of the two distinct drug-binding sites on tubulin. The result
is intriguing because curacin A has little structural similarity to known natural
and synthetic colchicine-site ligands. Thus, elucidation of the nature of curacin
A-binding to tubulin should afford further insight into the molecular mecha-
nism of tubulin-ligand interaction at this site,and could lead to the development
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of new bioactive agents, Eq. (93) [333]. The relative configuration of the cis-di-
substituted cyclopropyl ring [332] and its (2R,13R,19R,21S) absolute configura-
tion have been determined [333]; its four stereoisomers have been recently syn-
thesized, Eq. (93) [334].

A X —=

Curacin 233

Recently, was reported the isolation of the unusual metabolite U 106305 234
from the fermentation broth of Streptomyces sp. UC 11136 [335]. The compound
is structurally remarkable being graced with six cyclopropane rings, five of
which are contiguous. U 106305 234 shows a striking similarity to the potent
antifungal agent FR 900848 104 (vide supra, Sect. 5) which was isolated from the
fermentation broth of Streptoverticillium fervens [330]. U 106305 234 is a potent
in vitro inhibitor of the cholestery ester transfer protein (CETP) reaction, thus
could be of potential application in the prevention of arteriosclerosis [337]. Its
enantioselective total synthesis and stereochemical assignment similar to FR
900848 104 have been reported, Eq. (94) [338].

\Q\/WWWH\)\ (94)

O

U 106305 234
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Transition metal promoted ring expansion of alkynyl- and propadienylcyclopropanes is sur-
veyed with emphasis on the Co,(CO),-mediated reactions developed by the author’s group. A
novel rearrangement of 1-(1-alkynyl)cyclopropanols to 2-cyclopenten-1-ones proceeds on
complexation of their alkynyl part with Co,(CO)s. In the case of the reactions of 1-alkynylcy-
clopropanols with an alkyl substituent on the cyclopropane, either 4-substituted or 5-substi-
tuted 2-cyclopenten-1-ones can be selectively obtained by appropriate choice of stereochem-
istry and protective group of the substrates. This rearrangement is successfully applied to
cyclopentenone annelation reactions onto cycloalkenes. The rearrangement proceeds catalyt-
ically on addition of triaryl phosphite as ligand. The same type of rearrangement proceeds
when 1-[o-(1-alkynyl)phenyl]cyclopropanols are employed as substrates; these are converted
to 2,3-dihydro-1-naphthalenone derivatives on heating their hexacarbonyldicobalt complexes
in 2-propanol. Furthermore, a new type of isomerization-cyclization reaction proceeds to give
3a,4-dihydro-3H-cyclopenta[a]inden-2-one derivatives when the same reaction is carried out
in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO). A novel transformation of 1-pro-
padienylcyclopropanols into substituted 1,4-hydroquinones is developed utilizing the inter-
action of the 1,2-propadienyl group and Co,(CO)s. This reaction is applied to the synthesis of
vitamin E and K analogs.
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1
Introduction

Since the pioneering work by Sarel and co-workers on the iron carbonyl pro-
moted transformation of vinylcyclopropanes and related compounds [1], a va-
riety of transition metal complexes have been examined to achieve effective ac-
tivation of the vinylcyclopropane-cyclopentene rearrangement which usually
requires pyrolytic conditions. These reactions have been applied to natural
product synthesis in some cases and have already been reviewed in several ex-
cellent articles [2-4].

Contrary to the well-established chemistry of the vinylcyclopropanes, the
corresponding reactions of alkynyl- and propadienylcyclopropanes have not,
until recently, received much attention. We present here a summary of the recent
efforts towards the development of transition metal promoted transformation
of these molecules with a brief survey of the corresponding thermal reactions.

2
Rearrangement of Alkynylcyclopropanols

Unlike the well-known chemistry of the vinylcyclopropane-cyclopentene re-
arrangement, there is no general method for the rearrangement of alkynyl-
cyclopropane to cyclopentene derivatives. One specific example is the pyrolysis
of 1-ethynyl-2-methylcyclopropane to methylenecyclopentene and other com-
pounds [5]. At 530°C, 1-ethynyl-2-methylcyclopropane (1) undergoes a [1,5]-
hydrogen shift to give hexa-1,2,5-triene (2), which further isomerizes to methy-
lenecyclopentenes 3 and 4 in 38 and 29 % yield, respectively (Scheme 1).

L P A (Bt Rte

CHs
1 3,38%  4,29%

Scheme 1

Sarel and co-workers have examined some reactions of alkynylcyclopropanes
with iron carbonyl compounds [1]. Treatment of cyclopropylacetylene (5) with
iron pentacarbonyl under photolytic conditions gives, after cerium(IV) oxida-
tion, isomeric quinones 6 and 7, derived from two molecules of 5 and two car-
bonyls with both cyclopropane rings intact [6]. Furthermore, the photoreaction
of dicyclopropylacetylene (8) with iron carbonyl gives some ten different pro-
ducts depending on the reagents and the reaction conditions, and some of them
have the cyclopentenone skeleton formed by the opening of cyclopropane ring
coupled with carbonyl insertion [7] (Scheme 2).

It is obvious from these trials that it is rather difficult to realize smooth trans-
formation of alkynylcyclopropanes to cyclopentene derivatives. This difficulty
presumably arises from the longer distance between the alkyne terminus and
the cyclopropane ring compared with that between the latter and an alkene ter-
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CH,CI
5 22 ~70%
CO sFe CH3 (COJs
O—Fe- Fe(CO)
[: — j . [ + many others
Fe(CO CHs
H

Scheme 2 10

minus. Thus it is expected that by appropriate complexation of the alkynyl part
with a transition metal compound, alkynylcyclopropanes could also be made to
rearrange, provided that the complexed transition metal moiety can activate the
neighboring cyclopropane ring effectively (Scheme 3).

K A
R R
i
< {
Scheme 3 M

Alkyne-hexacarbonyldicobalt complexes (alkyne-Co,(CO)¢) can easily be
synthesized from alkynes and octacarbonyldicobalt (Co,(CO),) simply by mix-
ing, and these complexes are usually chromatographically isolable, stable com-
pounds [8]. These alkyne-Co,(CO)¢ complexes have been employed in organic
synthesis mostly for three types of reaction, that is, (1) as a protective group for
alkynyl functionality [9]; (2) as a means to stabilize propargylic cations for
nucleophilic attack (Nicholas-type reaction) [10]; and (3) as a component in the
Pauson-Khand reaction to give 2-cyclopenten-1-ones by reaction with alkenes
[11]. Although the unique properties of alkyne-Co,(CO)s complexes are obvious
from these reactions, it is expected that other useful reactions using these com-
plexes still remain to be explored.

%R}—%

——, products

2.1
Stoichiometric Reaction

Treatment of 1-(1-octynyl)cyclopropanol (11a) (R = n-C¢H;;) with 1.1 molar
amounts of Co,(CO); in tetrahydrofuran (THF) at room temperature gives the
corresponding Co,(CO)4 complex 12a. This complex is stable at room tempera-
ture but when the solution is heated to reflux for 8 h under argon, 3-hexyl-2-
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n-Hex n-Hex 0 N
HO/ oA o A . C02(CO)g
solvent, rt C02CO% | ™ reux \/L\n Hex
11a 12a n-Hex 13a 14a

Scheme 4

cyclopenten-1-one (13a) is produced in 62 % yield (Scheme 4). In general, 1-(1-
alkynyl)cyclopropanols themselves are thermally more stable than 1-alkyl- or
1-alkenylcyclopropanols and, in practice, 11a is recovered unchanged when it is
heated in refluxing benzene for 2.5 h. Thus, the complexation of Co,(CO) to the
alkynyl part of 11a is essential for the rearrangement.

Examination of the effect of solvents on this reaction revealed that use of
ethereal solvents such as THF and dimethoxyethane (DME) generally favors the
formation of the cyclopentenone 13a, while use of hydrocarbon solvents favors
another reaction pathway, that is, rearrangement of 12a to an ethyl 1-octynyl
ketone-Co,(CO)¢ complex 14a. For example, by carrying out the reaction in re-
fluxing hexane, the complex 14a is obtained in approximately 70% yield, along
with the cyclopentenone 13a in 13% yield [12, 13].

The results of the reactions of 1-alkynylcyclopropanols with various substi-
tuents on the alkyne moiety using a stoichiometric amount of Co,(CO); are
summarized in Scheme 5. Not only alkyl-substituted alkyne derivatives, but also
aryl- or silyl-substituted alkyne derivatives give the corresponding 3-substitut-
ed 2-cyclopenten-1-ones in good to high yields. Interestingly, bulkiness of the
substituent on the alkyne has a large effect on the reaction rate. In the case of the
reaction of the trimethylsilyl derivative 11c, it takes about 1.5 h for the reaction
in refluxing DME to go to completion. On the other hand, the reaction of the tri-
phenylsilyl derivative 11d needs only 0.5 h and, furthermore, the reaction goes
to completion within 10 min when the triisopropylsilyl (TIPS) derivative 11e is
employed as substrate. Thus, the bulkier the substituent on the alkyne, the faster
the reaction proceeds. Various alkynyl substituents containing a functional
group can also be employed in this reaction, as shown in Scheme 5.

In the case of transformation of alkynylcyclopropanols with a substituent on
the 2-position of the cyclopropane ring, two regioisomers, the 4-substituted
and/or 5-substituted 2-cyclopentenones, can be formed depending on which
bond of the cyclopropane is cleaved [14].

In the case of the reaction of cis-(1R*, 25* )-2-methyl-1-phenylethynylcyclo-
propanol (cis-15a), almost equal amounts of 4-methyl-3-phenyl-2-cyclopenten-

R R o]
T Co5(CO)s
DME or THF reflux
1 i 12 R o3

b: R=Ph, 91%; c: R=SiMe3, 77%; d: R=SiPhjs, 73%,; e: R=Sii-Pr3, 62%
Scheme 5 f: R=CH,StBu, 68%, g: R=CH,CH,OH, 68%; h: R=COOEt, 33%
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1-one (16a) and 5-methyl-3-phenyl-2-cyclopenten-1-one (17 a) are obtained in
a combined yield of 75%. Examination of the reaction of various silyl ethers of
cis-15a revealed that the reactions proceed in the same manner when siloxy-
cyclopropanes are employed as substrates and that the use of bulky silyl ether
groups greatly enhances the regioselectivity of the rearrangement. By using tert-
butyldimethylsilyl or triisopropylsilyl ethers, and by carrying out the reaction in
refluxing THE, the regioselectivity was improved to 94:6 without lowering the
yields of the products. In the reaction of trans-(1R*, 2R*)-2-methyl-1-phenyl-
ethynylcyclopropanol (trans-15a), the 5-substituted isomer 17a is obtained as
the sole isomer, whereas when silyl ethers of trans-15a are employed, the same
5-substituted isomer 17 a is also obtained with high regioselectivity (Scheme 6).
The reactions of 2,2-dimethyl-1-phenylethynylcyclopropanol (18a) and its TBS
ether revealed that the substituent cis to the alkynyl group plays a dominant role
in determining the regioselectivity of the reaction. When 18a itself is employed
as substrate, 5,5-dimethyl-3-phenyl-2-cyclopenten-1-one (20a) is obtained as
the sole product. The reaction of the corresponding TBS ether gives the same re-
gioisomer as the major product with a small amount of the other regioisomer
19a.

Ph

RO, A Co,(CO)g e R=H, 75%, 16 : 17 = 50 : 50
Me, 7 R=SiMeg, 73%, 16:17 =70 : 30
DME or THF reﬂux R=Sit-BuMe,, 77%, 16 : 17 =94 : 6
H é

R=Sii-Pry, 70%, 16 :17 =94 : 6

cis-15a 6a 7a

RO, // Co,(CO)g R=H, 86%, 16 : 17 = <1 : >99
Me, R Sit-BuMey, 88%, 16 : 17 = 1 : 99

DME or THF reﬂux R=Sii-Pry, 47%, 16 : 17 = 2 : 98

H
trans-15a 6a 7a
Ph
A CoyCO)g

RO, 2l ® R=H, 80%, 19 : 20 = <1 : 599
Me.,, DME or THF Teflux “Me R=SitBuMey, 88%, 19 :20 = 3: 97

Me

18a 19a 20a
Scheme 6

It is assumed that the reaction proceeds by the oxidative addition of the car-
bon-carbon bond of the cyclopropane to cobalt species to form a metallacyclic
intermediate. The regioselectivity of this reaction is controlled by the relative
ease of insertion of the cobalt species into the C1-C2 and the C1-C3 bonds of the
cyclopropane (Scheme 7). In the case of the reaction of the (1R*, 2R*)-isomer
trans-15a, 5-methyl-3-phenyl-2-cyclopenten-1-one (17a) is produced via TS2
without any serious steric repulsion, while the 4-methyl isomer 16a must be pro-
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(1R*,2R*)-isomer trans-15a (1R, 28*)-isomer cis-15a
HR=H
Ph /CO Co,—Ph
Co Co
X\ Ph—Z Ph
-(Qo E << Co Co/ o \7E0
OR OR OH OH
IS1 1S2 1S3 S4
(l) 10 2)R= CsiR3 oo
Ph 0 &
CH
| TE P
PH CHy  py o—SIR 0~ "y
16a 17a 1S5 R TS 6
16a 17a

Scheme 7 Carbonyl ligands are omitted from the figure for the sake of simplicity.

duced via TS1 in which severe steric repulsion between the methyl group and the
cobalt moiety occurs. In the case of the reaction of the (1R*,25* )-isomer cis-15a,
the unprotected derivative cis-15a gives equal amounts of 16a and 17a because
the reaction can proceed either via TS3 or TS4 with equal efficiency. When the
silyl derivatives of cis-15a are employed, the silyl groups take a position to
minimize the repulsion with the methyl group as shown in TS5 and TS6. Of these
two conformations, TS5 is thought to be favored as, in this case, there is no ste-
ric repulsion between the phenyl group on the alkyne and the silyl group. Thus,
the bulkier the silyl group becomes, the higher the selectivity becomes in favor
of the formation of 16a. As can clearly be seen in Scheme 7, the methyl group cis
to the alkynyl group plays a dominant role in determining the regioselectivity.

The generality of these observations is supported by the data in Scheme 8. In
the case of the reactions of monosubstituted 1-(1-alkynyl)cyclopropanols 15,
5-substituted cyclopentenones 17 are obtained with complete selectivity when
trans-15 are used as substrates. On the other hand, 4-substituted cyclopenteno-
nes 16 are obtained with good to high regioselectivity by employing tert-butyl-
dimethylsilyl ethers of cis-15 as substrates. Furthermore, 5,5-disubstituted
cyclopentenones 20 including a spirocyclic derivative are obtained selectively
starting from 2,2-disubstituted 1-(1-alkynyl)cyclopropanols 18.

The reaction of three diastereomers of 2,3-dimethyl-1-(phenylethynyl)cyclo-
propanol, i.e. (258*%, 3§*)-21, (1S*, 2R*, 35§*)-22 and (1R*, 2R*, 3§*)-23, revealed
that the rearrangement proceeds with retention of configuration at the migrat-
ing carbon [13]. The reaction of the 2,3-trans-isomer 21 gives trans-4,5-di-
methyl-3-phenylcyclopentenone (24) almost exclusively in good yield. When the
reaction of the 2,3-cis-isomer 22 is carried out in refluxing THF for 15 min, the
4,5-cis-isomer 25 is obtained as the major product with a substantial amount of
recovered 22, while prolonged reaction time results in the formation of an inse-
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R! 0
o, # Coo(CO)g R? 83-88% yield
THF or DME reflux >99:1
R? rt R .
trans-15: R'= Ph, Hex; R%= Me, /-Pr 1 17
R’ 0
Megt—BuO/ Coy(CO)g 71-88% yield
A THF or DME  reflux 77:23 - 96:4
R2 W rt H RZ
cis-15: R'= Ph, Hex; R>= Me, lPr R 16
R 0
HS/ Cou(CO)s R 80.83% yield
2 q2
R y DME, rt reflux R 2991
R? R
Scheme 8 18: R'= Ph, Hex; R?= Me, -(CHy)s- 20

parable mixture of 4,5-trans-isomer 24, cis-isomer 25 and 2,3-dimethyl-4-
phenyl-2-cyclopenten-1-one (26) in 79 % yield in a ratio of 15:33:52. Rearrange-
ment of the other 2,3-cis-isomer 23 does not proceed smoothly and decom-
plexation occurs presumably due to the severe steric hindrance imposed on the
alkyne-Co,(CO)s moiety by the two methyl groups on the same side of the
cyclopropane ring (Scheme 9).

Ph

) Coo(CO)g
Z 2
TBSO,, 4 THF , rt
R’ R? reflux
Y

21(R'=R*=H, R?%=R%=Me) 90 min, 82% yield, 24 only

22(R'=R%=H, R%=R*=Me) 15 min, 35% yield, 24 : 25 = 7 : 93
90 min, 79% yield, 24 : 25 : 26 = 15 : 33: 52

Scheme 9 23(R'=R3=Me, R®=R*=H) 135 min, 8% yield, 24 : 25 =30 : 70

2.2
Cyclopentenone Annelation Reaction

This reaction has been successfully applied to cyclopentenone annelation onto
cycloalkenes. By modifying Danheiser’s protocol [15], alkynyl-substituted bi-
cyclo[n.1.0]alkanol derivatives are prepared by the reaction of gem-lithio-
bromocyclopropanes 27 with alkynylborons, as shown in Scheme 10.

As shown in Scheme 11, the alkynylcyclopropanol to cyclopentenone re-
arrangement of these compounds proceeds smoothly in most cases. Inter-
estingly, the reactions of the silyl ethers of the exo-isomers 29 c and 29d proceed
much faster than those of the corresponding endo-isomers 28¢, d, and the reac-
tion goes to completion within several hours in refluxing THF. This clear differ-
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Scheme 11

ence in reactivity of the endo- and exo-isomers is probably due to easy access of
the cobalt moiety of the complexed exo-isomers 29¢,d to the carbon-carbon
bonds of the cyclopropane. The cobalt moiety is severely hindered from ap-
proaching these in the endo-isomers 28¢, d. This annelation reaction is further
applied to the steroidal skeleton. The rearrangement of 31 gives two isomeric
cyclopentenones 32 and 33 in a ratio of about 3:1 in 60 % yield.

As dibromocyclopropanes can easily be synthesized by reacting a cycloalkene
with bromoform in the presence of a base [16], this method affords an alterna-
tive procedure for cyclopentenone annelation onto cyclic alkenes. It should be
noted that in the Pauson-Khand reaction, which is probably the most direct
cyclopentenone annelation reaction, the reaction using cyclohexene gives the
product only in very low yield [11, 17]. Also, the position of the original alkynyl
substituent on the product double bond is opposite to that in the present reac-
tion. Thus the two reactions are complementary.
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2.3
Catalytic Reaction

All the reactions described so far are carried out using stoichiometric amounts
of Co,(CO)s. However, a coordinatively unsaturated Co,(CO), species would be
liberated when the rearrangement proceeds, and if this cobalt species could
form an alkyne-Co,(CO)¢ complex with another molecule of 1-(1-alkynyl)
cyclopropanol, the reaction should proceed with only a catalytic amount of
Co,(CO)g [13, 18]. In practice, when 1-phenylethynylcyclopropanol (11b) is
treated with a 10 or 20 mol% amount of Co,(CO)s, the rearranged product 13b
is obtained in 43 and 59 % yield, respectively. Thus, the reaction in fact proceeds
with a catalytic amount of Co,(CO)g; however, the efficiency is low and a com-
plex mixture of by-products is also obtained. As this low efficiency could be
ascribed to instability of the unsaturated cobalt species, the catalytic reaction
could be made more efficient by the addition of a stabilizing additive.

When typical phosphines or phosphites are added to 1-(phenylethynyl)
cyclopropanol 11b-Co,(CO)s complex 12b, complete formation of new com-
plexes are observed within a few minutes at reflux temperature, and the reac-
tions proceed from these new complexes to give the cyclopentenone 13b. In the
reaction using triphenyl phosphite as an additive, the newly formed complex is
shown on the basis of integration of its NMR spectrum to be the ligand-ex-
changed complex 34b (R = OPh) where two carbonyl ligands of the complex
12b have been exchanged for two molecules of triphenyl phosphite [8]. These
results indicate that the reaction also proceeds from the ligand-exchanged com-
plexes 34b with comparable yields to the reaction of the hexacarbonyldicobalt
complex 12b (Scheme 12).

Ph Ph Ph O
/  CoyCO)g 4 2 PRy A
HO, =28 G 74 HO 3 —
{ e | TN CoaCOs | retix Co5(CO)u(PRy)e
Ph
11b 12b 34b 13b

Scheme 12

Examination of the reactions using a 10 mol% amount of Co,(CO)g and
20 mol% amount of phosphines or phosphites revealed that with triphenyl
phosphite as an additive, 13b is obtained in 91% yield, just as in the stoichio-
metric reaction. In these reactions, the presence of ligand-exchanged complex
34D is observed during the reaction, and Co,(CO),(P(OPh);), is thought to act
as the real catalyst. Use of a bulkier aryl phosphite promotes the reaction more
efficiently, and when tri(o-tolyl) phosphite is used as the additive, the reaction
goes to completion within 2 h even with only a 5 mol % amount of Co,(CO)g and
10 mol% amount of phosphite, giving the product in 84 % yield. Furthermore,
when a 10 mol % amount of tri(o-isopropylphenyl) phosphite is added, the reac-
tion is dramatically accelerated and the reaction is complete after 15 min, the
cyclopentenone 13b being obtained in 95% yield (Scheme 13).
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10~20 mol%
R b <o )\:\/) 0
HO Vi 5~10 mol% Co,(CO)g 3
DME reflux
R
11 13

R=Ph, R'=H, reflux 420 min, 76%
R'=Me, reflux 120 min, 84%
R'=/-Pr, reflux 15 min, 95%

R=n-Hex, R'=i-Pr, reflux 30 min, 82%
R=CH,CH,0Sit-BuMes,, R'=-Pr, reflux 30 min, 85%
Scheme 13 R=SiMej3, R'=i-Pr, reflux 30 min, 63%

The reactions of various 1-(1-alkynyl)cyclopropanols were examined using
5-10 mol% of Co,(CO); and 10 mol% of tri(o-isopropylphenyl) phosphite.
1-Phenylethynylcyclopropanol (11b), as well as the alkyl- or silyl-substituted
derivatives, gave the corresponding 3-substituted 2-cyclopentenones in good to
high yields (Scheme 13).

2.4
Mechanism of the Reaction

Several reports have appeared on the effect of additives on the Pauson-Khand
reaction employing an alkyne-Co,(CO), complex. For example, addition of
phosphine oxide improves the yields of cyclopentenones [19], while addition of
dimethyl sulfoxide accelerates the reaction considerably [20]. Furthermore, it
has been reported that the Pauson-Khand reaction proceeds even at room tem-
perature when a tertiary amine N-oxide, such as trimethylamine N-oxide or N-
methylmorpholine N-oxide, is added to the alkyne-Co,(CO)s complex in the
presence of alkenes [21]. These results suggest that in the Pauson-Khand reac-
tion generation of coordinatively unsaturated cobalt species by the attack of oxi-
des on the carbonyl ligand of the alkyne-Co,(CO), complex [22] is the key step.
With this knowledge in mind, we examined further the effect of various other
additives on the reaction to obtain information on the mechanism of this rear-
rangement.

The reaction using 11a as a substrate in the presence of several oxides as ad-
ditives revealed that addition of tributylphosphine oxide, hexamethylphos-
phoric triamide, and dimethyl sulfoxide all accelerate the reaction considerably.
Furthermore, when about 10 molar amounts of N-methylmorpholine N-oxide
(NMO) is added to the alkyne—cobalt complex 12b in THEF, the reaction proceeds
even at room temperature and cyclopentenone 13b is obtained in 37% yield ac-
companied by another rearranged product, the methylenecyclobutanone 35, ob-
tained in 23% yield as a mixture of (E)-and (Z)-isomers (Scheme 14). These
facts indicate that dissociation of the carbonyl ligand of the alkyne-cobalt com-
plex 12 is the rate-determining step in this rearrangement. This is also suppor-
ted by the fact that under a CO atmosphere in refluxing THF the reaction is com-
pletely suppressed.
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THF 37% 23%
Scheme 14 CHxCla 51% 16%

These results suggest that the rearrangement of 1-(1-alkynyl)cyclopropanols
to 2-cyclopentenones is closely related to the Pauson-Khand reaction in its re-
action mechanism [11]. Although none of the intermediate complexes has been
isolated or detected, we currently suppose the following mechanism for this re-
action (Scheme 15). The first step of the reaction is the dissociation of a carbonyl
ligand from the alkyne-Co,(CO)4 complex 12 to generate a coordinatively unsa-
turated alkyne-Co,(CO)s complex A, which is formed thermally or by the addi-
tion of a tertiary amine N-oxide. The coordinatively unsaturated cobalt species
thus generated inserts into the carbon-carbon bond of the cyclopropanol to give
a four-membered metallacyclic intermediate B, which rearranges into a metall-
acyclohexanone intermediate C by C-Co bond cleavage with proton transfer as
indicated by path a. Reductive elimination between C1 and C2 gives a cyclopen-
tenone-cobalt carbonyl complex D, which in turn gives the free cyclopentenone
13 with liberation of Co,(CO);L (L = CO or a solvent). The fact that the reaction
using tertiary amine N-oxide at room temperature gives rise to the formation of
the methylenecyclobutanone 35 indicates that the reaction can also proceed via
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path b to give C” and that, in this case, reductive elimination between C1 and C3
occurs at room temperature to give a methylenecyclobutanone-cobalt carbonyl
complex D’. The fact that both bulky substituents on the alkyne and bulky
ligands accelerate the reaction can be ascribed to facilitation of ligand dissocia-
tion due to steric congestion.

Oxidative addition of the carbon-carbon bond of cyclopropanes to zero-va-
lent cobalt species is not in general a facile process. It is assumed that in this
reaction the alkynyl part of the molecule works as an anchor for the cobalt car-
bonyl, which enables an efficient insertion of the cobalt moiety into the proxi-
mal carbon-carbon bond of the cyclopropane to proceed. It therefore became a
matter of interest to see whether direct connection of the alkynyl part with the
cyclopropanol is essential or not for this type of reaction.

3
Reaction of Co,(C0);-Complexed 1-[o-(1-Alkynyl)phenyl]cyclopropanols

1-[o-(1-Alkynyl)phenyl]cyclopropanols 36, in which the alkyne and the cyclo-
propane ring are connected through a benzene ring, were chosen as substrates.
If the same type of reaction proceeds, 36 should give 2,3-dihydro-1-naphthale-
none derivatives 37, as shown in Scheme 16.

HO HO. HOW
C0s(CO —€0 L
2(CO)s Co(CO |- “ég(cmz =
L=
A o =Co(CO)3 Co(CO)3 solventor
36 R R HOR
F
(0]
0 (0]
~[Cox(CO)sL]
Co(CO),
Co,(CO)sL
HR Co(CO)3 R 02C0s
G 37 R
Scheme 16

In fact, the reaction proceeded as expected [23]. Thus, by heating the 1-[0-(1-
alkynyl)phenyl]cyclopropanol complexes 36-Co,(CO), in refluxing 2-propanol,
2,3-dihydro-1-naphthalenone derivatives 37 are obtained as a mixture of (E)-
and (Z)-isomers in moderate yield accompanied by a substantial amount of an
ethyl ketone derivative formed by ring opening of the cyclopropanol moiety.
Furthermore, when an analogous naphthyl derivative 38 was employed, the re-
action proceeded cleanly and the 2,3-dihydrophenanthren-1-one derivative 39
was obtained in 83 % yield (Scheme 17). The obvious difference in reactivity be-
tween phenyl and naphthyl derivatives is probably due to the presence of hydro-
gen at the peri position of the latter. To avoid steric repulsion between the
alkyne-Co,(CO)¢ moiety and this hydrogen, the molecule adopts a conforma-
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tion more suitable for insertion of the cobalt carbonyl into the carbon-carbon
bond of the cyclopropane.

When 1-[o-(phenylethynyl)phenyl]cyclopropanol-Co,(CO)s complex (36) is
heated at 50°C in 2-propanol under argon in the presence of DABCO, a comple-
tely different product, 3a,4-dihydro-3H-cyclopenta[a]inden-2-one derivative 40,
is produced as a 95:5 diastereomeric mixture in 72% vyield. As shown in
Scheme 18, not only aryl-substituted alkynyl derivatives, but also alkyl-substi-
tuted alkynyl derivatives, give the corresponding cyclopenta[a]inden-2-one de-
rivatives 40 in moderate to good yields.

When the reaction of a triethylsilyl-substituted derivative 42 is examined, an
allylic alcohol 43 is isolated albeit in low yield. This result suggests that in the
presence of a tertiary amine isomerization of the cyclopropanol to an allylic al-

HO,
Co,(CO)g DABCO
2-propanol, rt 50 - 60 °C
X
R R
36 40
R=Ph: 72% vyield
R=n-Hex: 45% yield
Scheme 18 R=c-Hexyl: 60% yield
HO OH Pauson-
RN P> Khanld
Co(CO)s 3 | reaction
A -CO C02(C0)s
Co(CO)g X
R
R 41
HO OH
Coo(CO)q DABCO 7
S 2-propanol, rt 50 °C \\
SiEty SiEty

Scheme 19 42 43 8%
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cohol occurs, which is promoted by the neighboring alkyne-Co,(CO)¢ moiety.
The enyne-cobalt complex 41 produced then undergoes a Pauson-Khand reac-
tion to give the product 40 (Scheme 19). There are a few examples of transition
metal catalyzed isomerizations of silyl ethers of cyclopropanols to silyl ethers of
allylic alcohols using Rh or Pt complexes [24]. This reaction is probably the first
example of the transition metal catalyzed rearrangement of unprotected cyclo-
propanols to allylic alcohols. Although the role of the tertiary amine is not ob-
vious, it is noteworthy that two different types of products, that is 2,3-dihydro-
1-naphthalenones and 3a,4-dihydro-3H-cyclopenta[a]inden-2-ones, are obtain-
ed depending on the presence or absence of the tertiary amine.

4
Transformation of Propadienylcyclopropanes

4.1
Rearrangement of Propadienylcyclopropanes to Methylenecyclopentenes

Thermal rearrangement of propadienylcyclopropanes to methylenecyclopente-
nes has been examined in several cases; however, selective transformation to the
product has not necessarily been easy due to the harsh reaction conditions
required for the rearrangement. The first example of this type of reaction was re-
ported by Dewar, Fonken, and co-workers in a paper on the kinetics of the ther-
mal reaction of 3-cyclopropyl-1,2-butadiene (44), and the reaction was found to
proceed much faster (activation energy difference 8.2 kcal) than that of the cor-
responding vinylcyclopropane [25]. Several examples have appeared since this
initial work, most of which have dealt with the mechanistic aspect of the reac-
tion, but none of them has reached a synthetically useful level [26]. For example,
thermal reaction of 3-(2-methylcyclopropyl)-1,2-butadiene (45) gives a mixture
of five products, as shown in Scheme 20 [27].

&

[ =&

44
F
K 380 °C ©i
+ + + +
30% 5% 15% 40% 10%

45
Scheme 20

Recently, Hayashi and Saigo reported the first example of transition metal
catalyzed rearrangement of allenylcyclopropanes to methylenecyclopentenes
[28]. Heating allenylcyclopropane (46a) (R! = H, R2 = COOCH,Ph) in refluxing
benzene for 1.5 h in the presence of RhCI(PPh;); gave the corresponding me-
thylenecyclopentene in 889% yield (Scheme 21). When the cyclopropane ring
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bears an alkyl or aryl substituent, the regioselectivity of the cyclopropane ring
cleavage is dependent on the type of the substituents R! and R? and the nature
of the catalyst. For example, the reaction of a substrate with a phenyl group on
the cyclopropane ring (R') and a methoxycarbonyl group on the allene moiety
(R?) gives 47 as the major product when [Rh(PPh;);]*BF; is employed, while the
same reaction using [Rh(cod),]*BF; gives the other regioisomer 48 with high
selectivity.

4.2
Carbonylative Ring Expansion of Propadienylcyclopropanes

Murakami and Ito reported a novel iridium-catalyzed carbonylative ring expan-
sion of allenylcyclopropanes [29]. When a mixture of substituted allenylcyclo-
propane 49a (R!=R?=Et, R®=R*=H) and 5 mol% of IrCl(CO)(PPh;), in
xylene is heated at 130°C under 5 atm pressure of CO for 35 h, cyclohexenone
53a is obtained in 81% yield. The reaction is proposed to proceed through in-

R 1
R3 ./J\Rg 5 mol% R /) R?
trans-IrCI(CO)(PPh3),
) 7 Mrco,
R xylene, 130 °C ]¢
R* R*
51
49 R
R3 2 | reductive R3 R?
CO insertion / R elimination /
74 0 o)
R* IrL,, R*
R R*
52 53

R'=R°=Me, R3=Ph, R*=H, 81%
R'=Ph, R?=Me, R3=R*=H, 83%
Scheme 22 R'=R%=Me, R°=H, R*=Ph, 63%
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itial coordination of the allenyl group to the metal, which enables effective ac-
tivation of the cyclopropane ring. Ring opening by the metal occurs to form a
six-membered metallacycle 51, and then insertion of CO into the Ir-C bond,
followed by reductive elimination, affords the product 53 (Scheme 22). Al-
lenylcyclopropanes with a disubstituted allenic terminus afford the products in
good yields.

4.3
Transformation of 1-Propadienylcyclopropanols to Hydroquinones

Use of Co,(CO); in reactions involving 1,2-propadienes remains for the most
part unexplored. It has been reported that terminal 1,2-propadienes react with
Co,(CO); to form unidentified complexes, and that excess 1,2-propadiene is
polymerized concurrently [30]. It has also been reported by Nakamura that a
novel dimeric complex 54, in which a carbonyl ligand is connected to the central
carbon of 1,2-propadiene, is produced by the reaction of 1,2-propadiene itself
with Co,(CO)g (Scheme 23) [31]. However, unlike the well-known chemistry of
alkyne-Co,(CO)¢ complexes, these 1,2-propadiene-cobalt carbonyl complexes
have rarely been applied in synthetic reactions, probably due to their high ac-
tivity in catalyzing the polymerization of 1,2-propadienes [32].

. O
b P>
CopCOly + ==v= e OCto-td gy
rt oc’ N
©s4
R toluene
Scheme 23 Con(CO)g + == Polymer

rt

It was surmised that a similar proximity effect to that observed in the 1-(1-al-
kynyl)cyclopropanol to cyclopentenone rearrangement might well induce novel
ring transformation reactions when cyclopropanols containing an allenic, in-
stead of an acetylenic, moiety are exposed to Co,(CO)s. When 1-(1-phenyl-1,2-
propadienyl)cyclopropanol (55a) was treated with a 1.1 molar amount of
Co,(CO)g in THF at 0 °C and subsequently warmed to room temperature under
an argon atmosphere, all of the 55a disappeared within a few hours to give 3-
methyl-2-phenyl-1,4-hydroquinone (56a) and 3-methyl-2-phenyl-1,4-benzo-
quinone (57a) in 35 and 20 % yield, respectively. A much more successful work-
up procedure that completely suppressed formation of quinone 57a involved
acetylation of the intermediate hydroquinone 56a. Thus, addition of acetic an-
hydride and triethylamine to the reaction mixture after complete disappearance
of 55a furnished the acetylated hydroquinone 58a in 53 % yield (Scheme 24) [33,
34]. A plausible mechanism for the reaction is as follows. Combination of 55a
with Co,(CO)s may lead to the carbonylated intermediate 59a, similar to the
complex proposed by Nakamura [31]. This complex, however, is not detectable
by TLC during the course of the reaction. The cyclopropane ring in 59a, now
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efficiently activated by the cobalt moiety, undergoes ring expansion to give a me-
tallacyclic intermediate 60a, which is further transformed to the cyclohexene-
dione 61a by reductive elimination. Aromatization of 61a gives hydroquinone
56a, which is subsequently oxidized by air to the benzoquinone 57a. In ethyl
acetate and ethereal solvents such as THF good yields of the acetylated hydro-
quinone 58a are obtained, and the formation of oligomers can be suppressed by
carrying out the reaction under dilute conditions. When the reaction is conduct-
ed in 0.01 M THF solution at between 0°C and room temperature, the acetylat-
ed hydroquinone 58a is obtained in 78 % yield.

Reactions of various 1-(1,2-propadienyl)cyclopropanols having a substituent
at the 1- or 3-position of the propadienyl moiety 55 proceed smoothly at between
0°C and room temperature with 1.1 mole amounts of Co,(CO); in either THF or
ethyl acetate, and various 2-monosubstituted or 2,3-disubstituted 1,4-hydro-
quinone derivatives 58 are obtained in good yields (Scheme 25). In particular,
1-(1,2-propadienyl)cyclopropanol having the fert-butyldimethylsilyl group at
the 1-position of the 1,2-propadienyl moiety gives a high yield of the silylated
hydroquinone.

] OAc
R R!
HOK& 0 COQ(CO)B ACzO
. R 2
ST THF or ACOEt  EtgN R
0°C—=rt OAc
55 58

R'=Ph, R°=H, 78%

R'=n-Hex, R%=H, 60%

R'=t-BuMe,Si, R%=H, 87%
Scheme 25 R'=H, R?=Ph, 56%
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This reaction was applied to the synthesis of quinonoid natural products [34].
Propargyl bromides 62a and 62b, which were prepared from prenyl bromide
and phytyl bromide by a standard procedure, were converted to the correspond-
ing aluminum reagents by reaction with powdered aluminum and a catalytic
amount of mercuric chloride [35]. Then the iodomagnesium salt of cyclopro-
panol hemiacetal was treated with these reagents [36] affording the prenyl deri-
vative 63a and the phytyl derivative 63b in 49 and 50% yield, respectively
(Scheme 26).

L—— LOTBS
= 1) cat. TMSCI
. MeOH H S «
2) PPhs, CBr, n X _Br
HM CHCle 62 n=0
" 62b n=3
1) Al/ HgCl, A H
HO
2) N 63a n=0 49% from 62a
E‘OKOMQ' 63b n=3 50% from 62b
OAc
63a n=0 C03(CO)g Ac,0 Pz H
or n
63b n=3 AcOEt, 1t EtsN Me
OAc  g4a n=0 44%
64b n=3 33%
Scheme 26 known intermediates for vitamin E analogs

When the prenyl derivative 63a was treated with Co,(CO); in ethyl acetate at
room temperature for 2 h and then acetic anhydride and triethylamine were ad-
ded to the reaction mixture, the desired acetylated hydroquinone 64a, a known
vitamin E analog intermediate [37], was obtained in 44 % yield. The same reaction
employing 1-(1-phytyl-1,2-propadienyl)cyclopropanol (63b) gave a known vita-
min E analog intermediate 64b [37] in 33 % yield. Benzene analogs of vitamin K
were also prepared by carrying out the quenching under oxidative conditions.
After the treatment of the prenyl derivative 63 a with Co,(CO); in ethyl acetate, tri-
ethylamine was added to the mixture followed by the addition of iron(III) chloride
solution to give 2-methyl-3-(3-methylbut-2-enyl)-p-benzoquinone (65a), a ben-
zoquinone analog of vitamin K,(5), in 45% yield. The same reaction using the
phytyl derivative 63 b gave the corresponding benzoquinone 65b,a benzoquinone
analog of vitamin K, in 34% yield. Thus, either vitamin E or vitamin K analogs
can be obtained by appropriate choice of the quenching conditions.
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Bicyclopropylidene — A Unique Tetrasubstituted
Alkene and a Versatile C,-Building Block
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Strain in an organic molecule often correlates with increased reactivity, at least for certain
types of reactions. Thus, the elucidation of the chemistry of highly strained alkenes like the
unusual tetrasubstituted alkene, bicyclopropylidene (1), which is a particularly strained deri-
vative of methylenecyclopropane (2), has proved to be fruitful both with respect to synthetic
applications as a Cg building block, as well as understanding certain reaction principles. The
different, steadily improved methods which have been developed for the preparation of this
unusual alkene in the last thirty years as well as rather recent methods for the synthesis of
functionally substituted, and spirocyclopropanated derivatives as well as bis(bicyclopropyl-
idenyls) are presented. The special aspects of molecular geometry in bicyclopropylidenes as
well as strain and its influence on chemical properties are discussed.The rich chemistry of
bicyclopropylidene beginning with its well-known thermal rearrangement and dimerization,
its dihalocarbene additions all the way to its recently developed organometallic chemistry,
especially its reactions under the catalysis of palladium and other transition metals, is cover-
ed. Finally, some synthetically useful chemical transformations of bicyclopropylidene deriva-
tives, e.g., synthetic approaches to the cyclopropanated analogs of natural products, are pre-
sented.
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Cycloadditions, Cyclopropanation, Cyclopropanes, Organolithium derivatives, Palladium
catalysis, Radical reactions, Small ring polycycles, Spiro compounds, Strain energy, Sulfides
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1
Introduction

Bicyclopropylidene (1) may be regarded as a more highly strained cyclopropa-
nated derivative of methylenecyclopropane (2) (Fig. 1). As a consequence of its
high-lying HOMO in addition to its high total strain energy, bicyclopropylidene
is uniquely reactive towards a wide range of electrophiles and cyclophiles. Start-
ing from the first preparation of unsubstituted bicyclopropylidene (1) in 1970
[1], this uniquely tetrasubstituted, strained alkene has attracted a good deal of
attention in theoretical and experimental studies. In the beginning exotic, this
compound became more and more accessible and as such a versatile substrate
in organic chemistry. Particularly remarkable progress in the development of its
chemistry has been made within the last decade.

The chemistry of the closest relative of hydrocarbon 1- methylenecyclo-
propane (2) - has recently been reviewed extensively [2]. The presence of the
second three-membered ring in 1 strongly increases the total strain of this
molecule, this enhances its chemical reactivity and leads to specific physical
properties. The meanwhile large variety of experimental material obtained for
compound 1, some of its derivatives and analogs prompted us to summarize the
results in order to help set the stage for future developments.

1 2
Fig. 1. Bicyclopropylidene (1) and methylenecyclopropane (2)
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2
The Syntheses of Bicyclopropylidenes

2.1
Methods for the Preparation of Unsubstituted Bicyclopropylidene

The first report on the preparation of bicyclopropylidene (1) achieved by a Sim-
mons-Smith-type monocyclopropanation of the terminal double bond in vinyl-
idenecyclopropane (3) (Scheme 1) is only of historical interest [1, 3].

CH,l,, Zn/Cu [ ]
[ ~2-5%
3 1
CO.,Me
FVP
M
MeO,C 520-530 °C ©i002 © [><{/
0.1 Torr CO,Me
4 5 (4.5%) 6 (86%)
L|NH2 NH3 I
& NHs(lq) |: L j| 30% [ ]
7 1

Scheme 1. The first preparations of bicyclopropylidene (1) [1,3-7]

Although the yield for this reaction was not reported, and the isolation of 1
had to be performed by preparative gas chromatography, it was at best 2-5%,
since the conversion of 3 was only of the order of 15% as reported in a later
communication [3]. Approximately the same range of yield (4.5%) was achieved
in the flash vacuum pyrolysis of 4, the Diels-Alder adduct of dimethyl acetyl-
enedicarboxylate and dispiro[2.0.2.4]deca-7,9-diene, which gave dimethyl
phthalate (5), bicyclopropylidene (1), and methylenespiropentane (6), the re-
arrangement product of 1 (see below) [4]. Subsequent attempts to improve the
cyclopropanation of 3 did not lead to an essential progress: application of the
modified Simmons-Smith procedure with Zn/Ag couple [5] gave a mixture of 1
(36%), 3 (47%), and dispiro[2.0.2.1]heptane ([3]triangulane, see below) resul-
ting from twofold cyclopropanation. The attempted activation by ultrasound
only complicated the situation in that it led to the formation of side-products
[6]. Bicyclopropylidene (1) was also formed upon treatment of cyclopropene
with lithium amide in liquid ammonia, however, the isomerization of 1-cyclo-
propylcyclopropene (9) to 1 proceeds very slowly so that only after one month
can 1 be isolated in 30% yield (Scheme 1) [7]. In spite of this time requirement,
this method was the first one by which preparatively useful quantities of 1 could
be obtained [8].
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Scheme 2. Preparations of bicyclopropylidene (1) starting from acetylcyclopropane (10) and
1-cyclopropylcyclopropanecarboxylic acid (18) [9-12]

The fourth reported strategy approached 1 in a five-step sequence starting
from acetylcyclopropane (10) via 11, 12, 15, and 14 [9] (Scheme 2).

1-Chloro-1-cyclopropylcyclopropane (14) can also be obtained from 1-cyclo-
propyl-1-trimethylsilyloxycyclopropane (12) directly by treatment with thionyl
chloride [9], yet this transformation turned out to be tricky. The conversion of
the alcohol 15 to the chloride 14 was not easily reproduced and mostly accom-
panied by rearrangement. This drawback could be overcome by the use of a
polymeric base to scavenge the hydrogen chloride formed in the conversion of
15 to 14 [10] and thus avoid aqueous work-up. An alternative four-step sequence
from 10 to the chloride 14 via 1-chloro-1-cyclopropylethene (13) was also de-
veloped [9], but has major disadvantages (poor reproducibility, unplea-
sant reagents, poor overall yield) over the five-step approach. The dehydrochlo-
rination of 14 to give 1 was achieved in 40 % yield with sodium amide in liquid
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ammonia [9] and in 55-82% yield with potassium tert-butoxide in DMSO
(10, 11].

The dehydrotosylation of the tosylate 17, which is readily obtained from the
alcohol 15 in 74 % yield, has been reported to give 1 in 70% yield [11], but could
not be reproduced in several laboratories. However, the dehydrobromination of
the bromide 16 gives reproducibly good results (up to 81% yield), and the
bromide 16 is easily prepared from the alcohol 15 by treatment with the tri-
phenylphosphane/bromine reagent [12]. The alternative preparation of the bro-
mide 16 by Hunsdiecker degradation of 1-cyclopropylcyclopropanecarboxylic
acid (18) is only of basic interest, as 18 is not readily accessible [11]. A significant
improvement in the preparation of the trimethylsilyl enol ether 11 from 10 using
Et;N as a base in the presence of ZnCl, made it possible to prepare 11 on a large
scale [10], so that 18 years after the first report on its successful synthesis, bi-
cyclopropylidene (1) became available in reasonable quantities to study its che-
mical properties on a broad scope.

However, the real breakthrough came with the drastically facilitated prepara-
tion of 1-cyclopropylcyclopropanol (15) from methyl cyclopropanecarboxylate
(19) applying the transformation of an alkoxycarbonyl group into a cyclopro-
panol fragment with ethylmagnesium bromide in the presence of Ti(iPrO), as
developed by Kulinkovich et al. [13]. The optimized conversion of the alcohol 15
to the bromide 16 and its dehydrobromination makes the alkene 1 available in
synthetically useful quantities of 40- 55 g within one week (Scheme 3) [14]. This
sequence is also applicable to prepare substituted, especially spirocyclopropane-
annelated, bicyclopropylidenes [14a].

EtMgBr Ph3P-Br2 BUOK
Ti(PrO), DMSO
>—coMe — [>—b — D=
99% 78% 81%
19 1

Scheme 3. The productive three-step synthesis of bicyclopropylidene (1) utilizing the Kulin-
kovich reaction of methyl cyclopropanecarboxylate [14]

2.2
Synthetic Routes to Substituted Bicyclopropylidenes and Functional Derivatives
of Bicyclopropylidene

Although the unsubstituted bicyclopropylidene (1) has been known for only ab-
out 30 years, the first compound containing a bicyclopropylidene moiety had
been reported as early as 1960 by Moore and Ward [15]. Over the years com-
pounds 22a-m were obtained by treatment of 1,1-dihalocyclopropanes 20 with
alkyllithium reagents to yield cyclopropylidenoids 21, mostly 1-halo-1-lithiocy-
clopropanes, which underwent dimerization and pf-elimination (Scheme 4)
[15-31], preferentially in cases where R! and R? were part of a cyclic fragment
so that ring-opening of an intermediate cyclopropylidene into an allene was pre-
vented [32]. In a few cases, other metals (magnesium/potassium [18], germa-
nium/magnesium [26]) have been employed in the intermediate carbenoids 21.
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; R2 RZ R2 R2
R Br M] R! R! R!
R1 X R1 X R1 R1
R2 R2 =% R2
20 21 22

Scheme 4. Synthetic approach to substituted bicyclopropylidenes 22 by dimerization of cyclo-
propylidenoids 21 [15-31]

A number of ring-annelated bicyclopropylidenes has been obtained by this
approach in moderate to good yields (Table 1). The main shortcoming of this
method is a certain unpredictability and a variety of side reactions (see, e.g.,[33,
34]), especially for the conversion of monocyclic dibromocyclopropanes. Only
in a few cases have such monocyclic dibromocyclopropanes been reported to
yield bicyclopropylidenes upon treatment with alkyllithium reagents, e. g., the
formation of divinylbicyclopropylidenes 23, mostly as mixtures of isomers
(R! = H, Me; R? = Me, H; R® = H, Cl; yields were not reported) [35]. The debro-
minating dimerization of 1,1-dibromotetramethylcyclopropane upon treatment
with methyllithium to give permethylated bicyclopropylidene 24a went sur-
prisingly well (41% yield) [36a], and the yield could not be improved (9 %) by
running the reaction in the presence of 12-crown-4 [36b]. The (Z)- and (E)-iso-
meric tetramethylbicyclopropylidenes 24b and 24 ¢ can also be easily prepared
in almost quantitative yield by the dimerization of carbenoid generated in situ
from 1,1-dibromo-2,2-dimethylcyclopropane and MeLi at - 78 °C; it is important
to add MelLi as quickly as possible [37]. A complex mixture of stereoisomeric
bis(phenylthiomethyl)bicyclopropylidenes was formed in 85% yield without
any precautions [38] with the (E,E)-isomer 24d as the main component. The

Me Me Me Me
Me Me Me\f i,Me Me\f
Me Me Me
Me Me Me
23aR'=H, R?=Me, R®=Cl 24a 24b 24c¢
bR'=R?=H,R®=ClI
cR'=R?2=Me, R®=H
§’_8Ph § NBn2
Phs—/ BnyN
24d 24e

Fig. 2. Oligosubstituted bicyclopropylidenes 23a-c, 24a-e prepared by dimerization of
monocyclic cyclopropylidenoids [35-39]
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analogous (E)-bis(dibenzylaminomethyl)bicyclopropylidene 24 e was also pre-
pared by this method, albeit in only 5.4 % yield (syn/anti ratio 2:1) [39].

A significant improvement was eventually reported by Neuenschwander et al.
who found that copper(II) salts assist the coupling of bromolithiocyclopropa-
nes 26 generated from dibromides 25 to give a variety of substituted bicyclopro-
pylidenes of type 24 in reproducible and reasonable yields, however, as mixtures
of diastereomers only (Scheme 5) [40]. This coupling probably proceeds via cop-
percarbenoids, and cross-coupling between two different carbenoids has also
been achieved, but not with any reasonable selectivity.

Another approach to substituted bicyclopropylidenes is by carbene addition
onto butatrienes and alkenylidenecyclopropanes bringing the substituents in
with the allene or with the carbene moiety as well as with both fragments. This
way, Skattebol et al. [41] and later Kostikov et al. [42] have prepared tetrahalote-

R! R R' R
RZ:(><BF BuLi [ RZ}(BF ] cucl, R? R2
R3 . Br THF (Et,0) R3 . Li THF (Et,0) RSHW

R -95°C R -95°C R* R

25 26 24a, f-s

R’ R? RS R* Product  Yield (%)
Me Me Me Me 24a 30
PhCH, H H H 24f 87
—(CH,),— H H 249 87
Me Et H H 24h 65
H —(CH,) 4~ H 24i 85
Ph H H H 24 50
Me H H H 24k 75
H Ph Ph H 24| 60
BuO H H H 24m 21
H —O—(CH,)5— H 24n 26
PhO H H H 240 56
PhS H H H 24p 44
H 9,10-Dihydro- H 24q 25

anthracene-9,10-
diyl

Ph H Me H 24r 75
Ph Ph H H 24s 60

Scheme 5. Copper(II)-assisted coupling of bromolithiocyclopropanes 26 generated from
dibromocyclopropanes 25 [40]
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tramethylbicyclopropylidenes of type 33 via dihalocarbene addition onto 2,5-
dimethylhexa-2,3,4-triene (32) (Scheme 6). Addition of dichlorocarbene onto
di- and tetraphenylsubstituted butatrienes 34 also led to bicyclopropylidenes 35
in poor yields (Scheme 6) [43, 44].

A 1:1 mixture of (Z)- and (E)-tetramethylbicyclopropylidenes 24b, ¢ was ob-
tained by dihalocyclopropanation of dimethyl(dimethylethenylidene)cyclopro-
pane 27 [45, 46] followed by reduction of the adducts with sodium in methanol
(Scheme 6). Addition of monochlorocarbene onto 2-(trimethylsilyl)-1-ethenyl-
idenecyclopropane (29) proceeds with low diastereo- and regioselectivity to
give a mixture of bicyclopropylidene and methylenespiropentane derivatives 30,
31 in poor yield [47]. Upon treatment of 1,1-dibromo-2-methylpropene (36)
with butyllithium at -110°C the unique diisopropylidenetetramethylbicyclo-
propylidene 37 was formed by addition of isobutylidene to in situ generated
tetramethylbutatriene (32), albeit in very low yield [48] (Scheme 7).

\f Me X Me\f ,\; Na/MeOH Me\ﬁ q

27 28a X =Cl 78% 24c + 24b [(D)- |somer]
28b X =Br(n.r) (n.r.)
CH,Cl,, MelLi Cl
o ——
. Et,0, 35 °C c *
MesSi Me,Si Me,Si
29 30 (20%) 31 (7%)
Me X
Me Me :CX, Me X
" >='='=<M - X Me
€ e X  Me
32 33a X = Cl (16-55%)
33b X = Br (trace)
oo, reou -
):o__.o:( ., Ci w B
R Cl
Ph Cl
34aR = Bu 35a R = Bu (17%)
34b R =Ph 35b R = Ph (5%)

Scheme 6. Carbene additions onto allenes as a synthetic approach to substituted bicyclopro-
pylidenes (n.r. = yield not reported) [41-47]
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Me
Me Me
Me_  Br BuLi, E,O/THF/CsH,, |: Me>= =<Me i| Me
-_— *e——¢
-110°C 2.5% Me
Me Br Me Me Me Mo
Me
36 32 37
Me Me Me
Me Me CHly, Zn/Cu Me o
.# ——-
M Me 75% Me
Me Me
39
CH;CHCI,, N,CHCOOEt
nBuli, =35 °C [Rh(OAC),],
4X(C' == e
CO,Et
40 (45%) (30%) 3 42-Et

Scheme 7. Cyclopropanation of allenes as a synthetic approach to substituted bicyclopropyl-
idenes [48-50, 52, 53]

Hexamethylbicyclopropylidene 39 has been prepared in 75 % yield by apply-
ing the Simmons-Smith protocol to isobutenylidenetetramethylcyclopropane 38
(Scheme 7) [49, 50]. Analogously, 1,1-dideuteriobicyclopropylidene was obtain-
ed starting from (2,2-dideuterioethenylidene)cyclopropane [D,]-3 [51]. In con-
trast to the Simmons-Smith reagent methylchlorocarbene does notadd to3 ina
regioselective way and thus gives a mixture of both possible monocyclopropa-
nation products 40 and 41 in a ratio of 3:2 (Scheme 7) [52].

The rhodium(II)-catalyzed cyclopropanation of 3 with ethyl diazoacetate
gave ethyl bicyclopropylidenecarboxylate 42-Et as a single product, but in
moderate yield (Scheme 7) [53].

A large variety of functionally monosubstituted bicyclopropylidenes 43a-v
can be prepared directly from bicyclopropylidene (1) in moderate to excellent
yields by deprotonation with butyllithium in THF at 0 °C and electrophilic sub-
stitution of the lithiobicyclopropylidene with appropriate reagents (Scheme 8)
[54-58].

Several of these new derivatives 43 could be further transformed with reten-
tion of the bicyclopropylidene moiety (Scheme 9) [53,55-58].

Whereas the repeated lithiation-trimethylsilylation sequence of trimethyl-
silylbicyclopropylidene 43a yielded predominantly the cyclopropene deriva-
tive 51 [54], bicyclopropylidenecarboxylates 42-Me, 42-tBu after repeated de-
protonation and carboxylation retain the bicyclopropylidene moiety and give
2,2-disubstituted products 52-R only (Scheme 9) [55]. So far, alkylbicyclopropyl-
idenes 43e,f, g have not been induced to undergo deprotonation and a second
substitution [56a]. The urethane 53 with a nitrogen directly attached to the ske-
leton, more easily than any other bicyclopropylidene derivative, rearranges to
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1) nBuLi, THF, 0°C, 1 h

D] 2) EIX, ~78-20 °C

El

1 42,43
EIX Me,SiCl PhSSPh C,Clg (CH,Br),  nC,H,l nCgHy4l nGCyHysl Me,CO
El SiMe, SPh Cl Br nCyHq nCgHy, nC,H;;  CMe,OH
Product 43a 43b 43¢ 43d 43e 43f 439 43h
Yield (%) 85 77 73 65 72 80 74 82
EIX oxirane DMF DMA D,O ICH,CH=CH, O,, AcCl 0O, CO,
El CH,CH,0H CHO C(O)Me D  CH,CH=CH, OAc OH CO,H
Product 43i 43j 43k 43| 43m 43n 430 42-H
Yield (%) 50 73 71 80 50 32 22 95
EIX I(CH,),OTHP, n=3-8 Boc,0
El (CH)sOTHP (CH,),OTHP (CH)sOTHP (CHy)sOTHP  (CH,),OTHP  (CH,);OTHP  CO,tBu
Product 43p 43r 43s 43t 43u 43v 42-1Bu
Yield (%) 63 85 82 88 68 65 69

Scheme 8. Preparation of functionalized bicyclopropylidene derivatives 42, 43 from bicyclo-
propylidene (1) via lithiobicyclopropylidene [54-58]

the corresponding methylenespiropentane derivative 54 (see below). Thus,
under conditions of the Curtius degradation of the acid azide of 52-Me, a 1:1
mixture of carbamates 53 and 54 was obtained in 37 % yield [55].

Since the enantiomers of the carboxylic acid 42-H can easily be separated via
its diastereomeric salts (Scheme 10) [59], many of the other bicyclopropylidene
derivatives can also be obtained in enantiomerically pure form by transforma-
tions of the acids (R)- and (S)-42-H. The absolute configuration of (R)-42-H was
proved by an X-ray crystal structure analysis of its (R)-a-phenylethylamide
[59].

23

Spirocyclopropanated and Ring-Annelated Bicyclopropylidenes
as well as Bis(bicyclopropylidenyls)

Commonly known methods for the preparation of bicyclopropylidenes of types
55-62 (Fig. 3) are the cyclopropanations of appropriately cyclopropanated al-
lenes according to the Gaspar-Roth [60] or modified Simmons-Smith protocol
[61] or addition of cyclopropylidene generated in situ from N-nitroso-N-cyclo-
propylurea [62, 63]). Along these routes, the compounds 55 [63], 58-60 [33, 64,
65],and 62 [33, 64] were obtained in low to moderate yields (Scheme 11).

As well, the functionalized spirocyclopropanated bicyclopropylidene 68 has
been isolated as a by-product from the rhodium(II)-catalyzed cyclopropanation
of dicyclopropylidenemethane (63) with an excess of ethyl diazoacetate [14].

In spite of low yields and possible difficulties in separating the mixtures of
final products, this approach was the only one known so far for the compounds
58-60, 62.
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ROH
BF,EL,0 LiAIH,
42-H —~ [>=<L . [>'=<L — [>==<L
97%
CO.R CH,OH CH,X
42-R R = Et (89%) 44a 44b X = Br (75%)
R = Me (82%) J . 44c X = 0SO,Ph (74%)
— O,
1) CICO,Et, Et,N, NaN, 85% 44d X =1 (67%)
2) toluene, 80 °C 43
ROH
[p:q ] == B8 —
N=C=0 N—CO,R CH,CH,X
H
45 46a R = Me (75%) 47a X = Br (77%)
46b R = CH,CH,TMS (59%) 47b X = OSO,Ph (93%)

47¢ X = | (75%)

CH,=PPh,, PhH I>E<L (CH,OH),, p-TsOH [>=<g»
— 60% 40% ]
CHO O\)
48 43 49

1) nBuLi, THF
0°C, 1h . SiMe,
. 2) Me,SiCl ; ~SiMe, SiMe
SiMes ™ 75", 200c MesSi ¢
43a 50 (17%) 51 (70%)
1) CICO,E,
1) LDA, THF, Et;N, NaN,
-78°C 2) toluene, 80 °C
42R — > q\H
2) CO, COH 3) TMS(CH,),OH MeO.C N|(I)-O(CH2)2TMS
RO.C 0oL 1
52-R R = Me (74%) o 53 (18.5%)
R = Bu (85%) MeO,C i
NC-O(CH,),TMS
+ H
\

54 (18.5%)

Scheme 9. Some transformations of functionally substituted bicyclopropylidenes [53, 55-58]

7-Cyclopropylidenedispiro[2.0.2.1]Theptane (56) was initially prepared by re-
ductive cyclization of the dibromide 72 under the action of phenyllithium [66,
67] (in this case 56 was obtained as a mixture with bromobenzene) or magne-
sium [68] (Scheme 12).

The ultimate methodology developed for the preparation of bicyclopropyl-
idene (1) [14] turned out to also be appropriate for the synthesis of the spiro-
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1) ag. NaOH -)
2) HCI

N salt 3) crystallization COOH
DAA 2 crystallizations (R)-42-H

EtOH
—< 1) ag. NaOH [0]R°= -183.7 (¢ = 1.00, CHCl,)
2) HCl

COOH P salt ee=100%

rac-42-H - 3) crystallization
[>=’<],_ (+)

2 crystallizations
COOH

(S)-42-H

DAA = (+)-dehydroabietylamine

[0]8°%= +183.2 (¢ = 1.00, CHCl)
ee=100%

HN—\ H

Scheme 10. Optical resolution of bicyclopropylidenecarboxylic acid rac-42-H with dehydro-
abietylamine [59]

Do) T = <t

63 55 (50%) 64 (30%)
j CHyl, AN % g
o=—=X I e + +
ZnEt,
59 (35%) 60 (5%) 66 (46%)
[>—N(NO)CONH,
MeONa
(13%) 62 (36%) 67 (16%)
EtO,C
==X N,CHCOOEt [>:$ K
[Rh(OAc),], CO,Et CO,Et
63 68 (23%) 69 (53%)

Scheme 11. Cyclopropanation of dicyclopropylidenemethanes 63, 65 as a synthetic route to
various spirocyclopropanated bicyclopropylidenes [14, 60-64]



Bicyclopropylidene - A Unique Tetrasubstituted Alkene and a Versatile C;-Building Block 103

S5 SO
X &
polPe

Fig.3. Some oligospirocyclopropanated bicyclopropylidenes

NaOH 0
9 Br, CHCl, Br Br Br Br ocH,CH,0H),
98% 24% Ll
0 r r
70 71 72
PhLi (48%)
[>=PPh,, PhH or Mg (20%)
46%
Br Br
73 56

Scheme 12. The first preparation of unsymmetrically bisspirocyclopropanated bicyclopropyl-
idene 56 [66-68]

cyclopropanated bicyclopropylidenes 55-57 and 61, as an alkoxycarbonylcar-
bene addition onto bicyclopropylidenes creates a new cyclopropanecarboxylate
of type 75 (Scheme 13), and the whole sequence can be applied in a repetitive
fashion. This allows the preparation of a large variety of compounds with a bi-
cyclopropylidene moiety on a preparative scale [14].

Other interesting spirocyclopropanated bicyclopropylidenes, the ring-anne-
lated compounds 80a, b have also been prepared applying the Kulinkovich reac-
tion [69, 70] (Scheme 14). The starting materials 79 were obtained by alkoxy-
carbonylcarbene addition onto cyclooctene and bicyclo[6.1.0]non-1-ene, re-
spectively.
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N,CHCOOEt COOEt EtMgBr OH
[Rh(OAC),], Ti(iPrO),
m n \'A/S ) n
74 75am=1,n=0 (86%) 76am=1,n=0(97%)
bm=2,n=0(71%) bm=2,n=0(96%)
cm=n=1 (77%) cm=n=1 (99%)
Ph,PeBr,, Py BuOK, DMSO
\v v/} M, V),
77am=1,n=0(76%) 55m=1,n=0(72%)
—_ — 0,
bm=2,n=0(74%) 57 m=2,n=0 (64%)
-_— - 0,
cm=n=1 (75%) 86 m=n=1 (66/0)
Et0,C EtMgBr
Ti(PrO), HO 1) PhyPeBr,, Py
98% 2) tBBuOK, DMSO
CO,Et OH 16%
69 78 61

Scheme 13. Convergent synthesis of spirocyclopropanated bicyclopropylidenes 55-57 and 61
via repetitive application of the Kulinkovich reaction [14]

1) EtMgBr, Ti(/PrO),
2) PhgPeBr,, Py
————-
3) BuOK, DMSO
m CO,Et m

79am=0 80a m=0 (50%)
79b m=1 80b m=1 (30%)
Br MeLi, hexane/Et,O
-45°C
Br P —
11%
81 82

Scheme 14. Preparation of spirocyclopropanated bicyclopropylidenes 80 and 82 [31, 69, 70]
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The interesting bis(spirocyclohexane)-annelated bisspirocyclopropanated
bicyclopropylidene 82 was prepared by dimerization of the cyclopropylidenoid
generated from the dibromide 81 under the conditions discussed above [31].

Oligospirocyclopropanated bicyclopropylidenes can be functionalized in the
same manner as the parent compound 1 (see Scheme 8), but in the deprotona-
tions and subsequent electrophilic substitutions on unsymmetrical hydrocar-
bons like 55 and 57, very little selectivity at best was observed [54].

An attempted approach to bis(bicyclopropylidenyls) of type 87 utilizing the
Kulinkovich reaction turned out to be unfruitful; although the twofold cyclo-
propanation of the diester 84 prepared from butadiene, worked perfectly well,
and the conversion of the biscyclopropanol 85 to the dibromide 86 also gave a
good yield (60 %), the twofold dehydrobromination of 86 afforded only 1.7 % of
a mixture of meso- and d,I-87 (Scheme 15) [56a]. However, the direct oxidative
coupling of two molecules of lithiobicyclopropylidene was accomplished under

N,CHCOOEt CO,Et EtMgBr
= [Rh(OAc),], Ti(iPrO), OH
——- ——-
g 87% 99% OH
CO,Et
83 84 85
PhyPBr,
Py Br  BuOK, DMSO + N/Aw
60% Br 1.7% J
86 meso-87 d l-87
Entry Method of Coupling Yield (%)
1) Buli, THF
0°C, 1h 1 1) MgBry; 2) 43d, NiCl,(PPhy), 20
— meso-87 + d,-87 20 °C
g DMethod i 2 1)CuCN;2) 0, ~78°C 38
3 1) MgBry; 2) CuCl,, 20 °C 40-50
4 1)[CulBugP],; 2) O, —78 °C 80
1) BuLi, THF
2) CuCN, =100 — 40 °C
3) 0,,-78°C
21%
56 meso- and d,-88

Scheme 15. Syntheses of the bis(bicyclopropylidenyls) 87 and 88 [56]
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Fig.4. Structure of meso-bis(bicyclopropylidenyl), meso-87, in the crystal [56]

different conditions (Scheme 15) and in the best case gave an 80 % yield of 87 as
a 1.6:1 mixture of meso- and d,I-diastereomers [56]. Since the meso-87 crystal-
lized well, it could easily be separated from the d,/-diastereomer and character-
ized by an X-ray crystal structure analysis (Fig. 4). Under analogous conditions,
the bisspirocyclopropanated bicyclopropylidene 56 could also be dimerized to
give meso- and d,1-88, but in poorer yield [56].

Bicyclopropylidenes with two larger rings annelated at both cyclopropyl
moieties are sufficiently well documented (Table 1). But compounds in which
the larger ring bridges the two ends of a bicyclopropylidene are usually more
highly strained and, as a consequence, not as easily accessible. The first such
compounds 89 and 91 were obtained by Diels-Alder reaction of the bis(cyclo-
propenyl) derivative 90 with dimethyl acetylenedicarboxylate (DMAD) and te-

cl ol
Me i Me /K Me S
Me iMeg DMAD, C,D, MesSi cl Cl Me S|Meé>3|
CO,Me 80°C,12h Me  PhMe, 110°C, 15 h &
10% 33% Cl
CO,Me Me
Me SiMe Me,Si Me cl
Me ™ ? Me Me SiMey
89 90 91
BuOK, DMSO/THF 10:1
Br Br .
10°C, 6h
92 93

Scheme 16. Synthetic approaches to ring-annelated bicyclopropylidenes [71,72]
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trachlorocyclopropene, respectively (Scheme 16) [71]. It has been reported that
the treatment of the 6,12-dibromopentacyclo[9.1.0.0%%.057.0%1°]dodecane 92
with potassium tert-butoxide in DMSO/THF gave the bridged dicyclopropyl-
idenecyclopropane 93, but no yield and no experimental procedure have been
published [72].

3
Physical Properties of Bicyclopropylidenes

3.1
Spectral, Bonding and Structural Properties

The IR [1, 3,7,73,74] and Raman [7, 74] spectra of unsubstituted bicyclopropyl-
idene (1) have been published several times and with some discrepancies. Com-
pound 1 reveals peaks with chemical shifts of 1.16 (*H) [1, 3,7,74-76] and 2.85,
110.21 ppm (*C) [76] in the NMR spectra in CCl, or CDCl; solutions. For
monodeuteriobicyclopropylidene (431) the 'H-NMR spectrum exhibits a broad
singlet with essentially the same chemical shift, but in the *C-NMR spectrum
the weak influence of the symmetry distortion is more pronounced, and signals
at 2.71 (CHD, t, ] = 24.8 Hz), 2.87 (CH,), 3.10 (2 CH,), 110.27 and 110.36 ppm
have been observed [56b]. The NMR spectra of functionally monosubstituted
bicyclopropylidenes as reported along with their preparations are very diagnos-
tic. The spectra of oligospirocyclopropanated bicyclopropylidenes combine fea-
tures of the spectra of bicyclopropylidene (1) and of triangulanes [77].

Upon y-irradiation of 1 in a CF;CCl; matrix at 77 K [78], a radical cation was
formed, the ESR spectrum of which consisted of nine broad hyperfine compo-
nents spaced by ca. 0.75 mT (g = 2.0029 + 0.002), and the corresponding proton
ENDOR spectrum exhibited two essentially isotropic signals at 25.83 and 24.58
MHz. The detailed analysis of the ESR and ENDOR spectra disclosed that the in-
itially formed radical cation 1** had transformed into the tetramethyleneethane
radical cation 94*° (Scheme 17). In CFCl; and CF,CICFCl, matrices 1** persists
up to 100 K [79]. On going from 1 to 1**, the set of eight equivalent protons splits

-€e

> — [p=]" = [)=<]’

1 1
2b1g 2b3u
/\,J =0.63 eV IV!J- =12.48 eV

Scheme 17. Tetramethyleneethane radical cation 94** formed from bicyclopropylidene (1) and
bonding linear combinations of the Walsh e, orbitals for 1 [78-80]
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into two sets of four, and the two protons in each CH, group have greatly differ-
ent coupling constants of 2.24 and 0.27 mT due to considerable changes in geo-
metry upon ionization, such as a twist about the central C-C bond. Similar results
were obtained also for the dispirocyclopropanated bicyclopropylidene 56 [79].

The photoelectron spectrum of bicyclopropylidene (1) reveals a split between
the bonding linear combinations of the Walsh e, orbitals of 2.85 eV (2b,,-2b3,)
(Scheme 17) and a value for the resonance integral between linked 2p atomic or-
bitals of the adjacent cyclopropane rings in 1 of -2.14 eV [80-82a]. The fact that
bicyclopropylidene has such a high-lying HOMO is responsible for its uniquely
enhanced reactivity towards a wide range of electrophiles and cycloaddends.
The lowest ionization energy (71-IE,) is equal to 8.93 for 1 [80-82a], 8.70 for 55
[82b],and 8.50 eV for 56 [33, 64],i.e., the consecutive spirocyclopropanation of
1 leads to a significant decrease of its 7-IE,.

The determination of precise parameters describing the shape and size of the
bicyclopropylidene moiety in different environments has been of constant inter-
est ever since the first examination of the substituted bicyclopropylidenes 22f
[27] and 24d [38]. Structural analyses have been performed also for the unsub-
stituted bicyclopropylidene (1) (several different studies) [83, 84, 85, 86], per-
spirocyclopropanated bicyclopropylidene 62 [33, 64], and the oligospirocyclo-
propanated bicyclopropylidenes 55-57 [87]. Corresponding theoretical investi-
gations have been sparse [88,89,90]. A comparison of the structural parameters
within the series exhibits the same effects as known for the triangulanes [77, 87,
91]: a consistent difference between longer distal and shorter proximal bonds in
the outer spirocyclopropane units (Table 2). This is due to hybridization chang-
es which cause increased angular strain [77,91]. The influence of a double bond
upon the proximal and distal bond lengths, in accord with theoretical calcula-
tions [89, 90], should be even more pronounced, and it was indeed observed for
the compounds 55-57. The abundance of experimental data prompted the de-
velopment of a general increment scheme (GIS) for the quantitative prediction
of different C-C bond lengths in bicyclopropylidenes and spirocyclopropanated
bicyclopropylidenes [87].

In this scheme (GIS), all bonds are divided into five categories depending on
their relative position in a molecule, the number and locations of the spiro-fus-
ed three-membered rings or double bonds: distal (A), proximal (B), distal-pro-
ximal-proximal (C), proximal-proximal (D) and distal-proximal (E) (Fig. 5).

Assuming that the influences of all cyclopropanes and double bonds are ad-
ditive and independent of each other, the structures can be described using an
initial value of 1.5008 A for the C-C bond length in a cyclopropane unit and an
increment of +0.0227 A for each “distal” and -0.0234 A for each “proximal”
spirocyclopropane in the estimation of the actual bond length. The correspond-
ing increments for a double bond are +0.0372 and -0.0327 A. In the case of
spirocyclopropanated bicyclopropylidenes, a combination of the above two sets
of parameters has to be used. A comparison of the bond lengths estimated ac-
cording to this scheme and the experimentally determined ones is presented in
Table 2. All theoretical calculations predict a lengthening of the distal and a
shortening of the proximal bonds except for those by the MINDO/3 method,
which is particularly unsatisfactory in this case.
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Table 2. Calculated and experimentallﬂy determined bond lengths in compounds 1, 2, 22f, 24n,
55-57,62,and meso-87 (all values in A), mean values (X-ray) according to the given symmetry
(GIS = general increment scheme)

Compound Method Length of CC Bond Ref.
IMOA al522  b1475 c1.316 [89]
MNDO a 1.536 b 1.492 ¢ 1319 [89]
MNDO als37  b1492 [871
. MINDO/3 al486  b1.495 ¢ 1318 [89]
=bﬂ a STO-3G a1.521 b 1.474 ¢ 1.298 [89]
321G a 1.545 b 1.472 ¢ 1.301 [89]
2 421G als46  b1476 ¢ 1.300 [89]
(C)) 631G als527  bl462 1308 (87]
GIS 21538 b l468 [87]
X-ray (125 K) a1.526(1) b1.460(1) ¢1.316(1) [91]
IMOA als22  bl1475 ¢1.298 189]
MNDO a1.538 b 1.496 ¢ 1302 [89]
MNDO a1.538 b 1.492 (87]
e b MINDO/3 a 1.496 b 1.485 c1.322 [89]
[>=qa STO-3G als521  b1476  ¢1.287 [89]
1 3-21G a 1.545 b 1.475 c1.284 [89]
(Dyy) 421G als544  b1478  ¢1.286 (89]
- 6-31G" a1.527 b 1.463 ¢ 1.296 [87]
GIS a1.538  b1.468 [87]
Electron diffr. a1.554(2) b1.468(1) ¢1.314(1) [83]
X-ray (233 K) a1.504(7) b1.442(6) ¢1.304(8) [83]
X-ray (173 K) a1.539(2) b1467(2) ¢1.304(2) [84]
X-ray (245 K) a1.534(2) b 1.467(1) ¢1.3042) [85,86]
X-ray (140 K) a1.544(1) b 1.469(1) ¢1.314(1) [85,86]
MNDO als529  b1512 c¢1.503 d1.476 [87]
6-31G al1514 b 1.480 1479 d1.456 [87]
e 1.301
62 GIS als24  b1477 1491  d1.467 [87]
X-ray (210 K) a1.507(3) b 1.472(4) c¢1.475(3) d 1.454(3) [33,64]
(D) e 1.305(4)
MNDO a1.538 b1.492  d1495 el.521 [87]
d cb f1.474 g1.511 h 1.528
<°l>f‘=<]a 6-31G" a1.527 b 1.463 c1.297 d1.482 (86,87]
<E e 1.501 £1.439 21480 h1.512
55 GIS a1.538 b1468  d1491 el515 [87]
() f1.445 g 1.477 h 1.524
X-ray (115 K) a1.543(1) b 1.470(1) ¢1.313(1) d 1.493(1)  [87]
e1.514(1) f1.444(1) g1.490(2) h1.527(1)
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Table 2 (continued)

MNDO a1.538 b 1.492 c1492  e1475 [87]
f1.496 g1.521 h 1.514 i 1.493
jl511 k 1.510 11510  m1.529
6-31 G a1.527 b 1.463 cl463  d1.298 86,87
e 1.440 £1.482 21502  h1.459
i 1.498 j 1.488 k 1.474 11.475
m 1.517
GIS a1.538 b 1.468 ¢ 1.468 e 1.445 [87]
f1.491 g1515  h1454 i1.500
j 1.500 k 1.477 11477 m1.524
X-ray (110 K) al537(1) b1469(1) c1.466(1) d1.312(1) [87]
e1.442(1) £1.495(1) g1.515(1) h 1.468(1)
i1.514(1)  j1.499(1) k1.480(1) 11.483(1)
m 1.531(1)
MNDO a1.538 b1492  d1477  e1.503 [87]
f1.511 g1.529
6-31G” a1.527 b 1.463 c1298  d1456  [86,87]
e 1.430 f1.480 g1.513
GIS a1.538 b 1.468 d 1.467 e 1.491 [87]
f1.477 g1.524
(Cy) X-ray (120 K) al.538(1) b 1.465(1) ¢1.309(1) d1.462(1) [87]
e L481(1) £1.485(1) gl1.521(1)
g
a1532(1) b 1.466(1) c¢1.461(1) d 1.304(1)
Xray (113K) e 1466(1) £1.471(1) g1.538(1) h1.494(1) [56b]
meso-87
(Cy)
a1.287(6) b 1.476(6) ¢1.479(6) d 1.535(6)
X-ray (295 K) e1.518(4) f1.4154) g1.530(5) h1.439(4) [40b]
i1.518(6)
24n
(o8]
X-ray (295 K)
a1.307(3) b14703) ¢1.549(3) d1.512(3) 2

e 1.538(4)




Bicyclopropylidene - A Unique Tetrasubstituted Alkene and a Versatile C;-Building Block 111

a>=

95 1

Fig.5. Classification of the C-C bonds in triangulanes and bicyclopropylidenes in the general
increment scheme (GIS) for the prediction of C-C bond lengths [87]

Bicyclopropylidene (1) with its melting point of —10.4°C undergoes a solid
state phase transition at —-40.2°C with AH = 0.038 kcal/mol, and the two poly-
morphous structures possess different structural parameters (Table 2) [85, 86].
A similar behavior was also observed for meso-bis(bicyclopropylidenyl) meso-
87 [56]. The structure of meso-87 represents essentially a combination of the two
bicyclopropylidene units; the central bond length h (1.494 A, Table 2) which is
practically the same as that in bicyclopropyl (1.492 A) indicates the absence of
any strong electronic interaction between the two bicyclopropylidene units in
meso-87 which should thus react independently of each other.

3.2
Thermochemical Properties: Strain in Bicyclopropylidene

Although strain cannot be rigorously defined, the concept of strain and strain
energies provides a basis that helps to correlate the structures, stabilities, and re-
activities of molecules [92, 93]. A quantitative assessment of strain and strain
energies (SE) can only be made by taking the difference between the enthalpy of
formation AH$(g) of the substance under consideration (theoretically calculat-
ed or experimentally determined) and that of a hypothetical strain-free model
[93], for example, a group increments (GI) model like the one proposed by
Schleyer et al. [94, 95]. However, experimental energetic parameters have been
reported only for the parent bicyclopropylidene (1) [77, 96] (Table 3). The at-
tempted evaluation of AH$(g) for 1 using the homodesmotic Eq. (1) led to an
overestimate (for a definition of the term “homodesmotic” see [92], p. 7).

H H
D=1 - H)=(H—»2[>= (1)

1 2

The comparison of SEs for alkenes 1, 2, and methylenespiropentane 6 with
those for cyclopropane and the linear triangulanes 96, 97 is shown in Table 4.

The additivity of strain energy increments appears to be a general feature for
the triangulanes [95] and, most probably, also for their synthetic precursors
[89], bicyclopropylidene (1) and spirocyclopropanated bicyclopropylidenes. As
much as the strain energy of spiropentane (96) is more than twice that of cyclo-
propane, i.e., the spirojunction of two cyclopropane rings leads to an additional
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Table 3. Calculated and experimentally determined AH $(g) and SE for bicyclopropylidene (1)
(all values in kcal/mol)

Method 4-31G Eq. (1)* Exp.
AH? 75.5 83.5 715
SE 77.4° 83.4 77.4
Ref. [89] this work [96]

* Calculated according to Eq. (1) with AH ¢ (g =48.0 for 2 [94] and 12.52 kcal/mol for ethylene
[97]. A group increments model [94] was used to estimate SE.
b A strain-free model proposed by Schulman et al. [93b] was used to estimate SE.

Table 4. Strain energies (SE) in cyclopropane and compounds 1, 2, 6, 96, 97 (all values in
kcal/mol)

A A

SE 28.1 41,7 65.1 74.6 77.4 98.5
ASE 13.6 23.4 9.5 2.8 21.1
Ref. [94] [94] [94] [96] [96] [95]

strain energy increment ASE of 8.6 kcal/mol [95], the SE of bicyclopropylidene
(1) exceeds the sum of SEs of methylenecyclopropane (2) and cyclopropane by
7.6 kcal/mol (77.4-41.7-28.1), and the SE for methylenespiropentane (6) ex-
ceeds the sum of those for cyclopropane and methylenecyclopropane (2) by
4.8 kcal/mol (74.6-28.1-41.7). Assuming that additivity also holds for oligo-
spirocyclopropanated bicyclopropylidenes, their SEs can be assessed using a
number of basic parameters such as 28.1 (SE of cyclopropane), 41.7 (SE of me-
thylenecyclopropane 2), 8.6, 7.6, and 4.8 kcal/mol (excess increments ASE for
spiropentane, bicyclopropylidene, and methylenespiropentane, respectively),
but the lack of experimental data does not allow us to verify this scheme for
spiropentane, bicyclopropylidene, and methylenespiropentane linkages.

On the other hand, as much as the increase in SE on going from methyl-
enecyclopropane (2) to spiropentane (96) is substantial (23.4 kcal/mol), ASE is
21.1 kcal/mol on going from bicyclopropylidene (1) to [3] triangulane (97)
(Table 4). As an expression of its increased SE, the double bond in 1 demon-
strates a uniquely enhanced reactivity compared to the one in methylenecyclo-
propane (2) (see below).
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4
Chemical Behavior

4.1
Thermal Rearrangements and Electron-Transfer Reactions

Crandall et al. first showed that hexamethylbicyclopropylidene 39 rearranges at
400°C in a flow pyrolysis system to yield a 10:1 mixture of two isomeric hexa-
methylmethylenespiropentanes 98 and 99 (Scheme 18) [49, 50] formed via tri-
methylenemethane diradical intermediates. In close analogy to this result, the
photolysis of the diazo compound 100 did not only give permethylbicyclopro-
pylidene 24a, but a 45:55 mixture of 24a and 101, and upon flash vacuum pyro-
lysis at 400°C only 101 was formed (the yields were not reported) (Scheme 18)
[98].

Me
Me Me Me
Me e A Me e
Me +
Me M Me M q Me
Me Me Me Me
39 98 99
Me Me Me M Me Me
M e e
e Me hv or Me Me Me Me
1] 1l —_— +
N fup, 400°C Me Me M A Me
Me MeMe e Me  Me Me
100 24a 101

Scheme 18. Thermal rearrangement of oligomethylated bicyclopropylidenes 39 and 24a [49,
50, 98]

Analogous transformations have also been reported for the tetramethylbi-
cyclopropylidenes 24b,c [99, 100], the bicyclopropylidene 22a of Moore and
Ward [101], tetramethyldichlorobicyclopropylidene 28a [46], and 1,1-dideuter-
iobicyclopropylidene [51]. The mechanistic and kinetic aspects of these re-
arrangements as well as subsequent transformations of the resulting methylene-
spiropentanes to dimethylenecyclobutane derivatives at higher temperatures
have been reviewed [102].

Bicyclopropylidene (1) undergoes a clean rearrangement to methylenespiro-
pentane (6) when heated to 330°C in a flow system [103]. When heated in a clos-
ed vessel as a pure compound [1, 3] or in solution (50% in toluene) [95], a sub-
stantial fraction of 1 dimerizes to yield [4]rotane (102) (Scheme 19) [104].

The thermodynamic driving force for the interconversion of 1 to 6 is not very
pronounced (see Table 4), and thus should be expected to be reversible. Al-
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>=<1-—A»l><(+'>§<'

T [°C] t[h] Conditions 6 (%) 102 (%)
230 6 flow pyrolysis no reaction
330 6 flow pyrolysis 85 -
210 4 sealed ampoule 55 35
170 84 50% soln in toluene, 18 68

sealed ampoule

Scheme 19. Thermal transformations of bicyclopropylidene (1) under various conditions [1, 3,
95,103, 104]

though for a long time, this transformation was believed to proceed irreversibly
[51, 101], kinetic measurements eventually revealed that this rearrangement is
indeed reversible [103a].

The thermolysis of monospirocyclopropanated bicyclopropylidene 55 leads
to a mixture of both possible isomeric products 103 and 104 [105], but prolong-
ed heating of the sterically congested perspirocyclopropanated bicyclopropyl-
idene 62 gave, along with polymeric materials, two different rearranged di-
merization products 105 or 106 depending on the conditions (Scheme 20) [106].

As arule, the thermal rearrangements of functionally substituted bicyclopro-
pylidenes of type 107 yield mixtures of compounds (Scheme 21) [103, 107, 108].
But the methoxycarbonyl-substituted carbamate 53 underwent a clean regio-
selective isomerization to give 54 as a single product [55].

N

103 (87%) 104 (13%)
PhMe, 180 °C, PhMe, 10 kbar,
144 h 130°C, 48 h
25% 34%
105 62 106

Scheme 20. Thermal transformations of spirocyclopropanated bicyclopropylidenes 55 and 62
[105,106]
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= oo pd oL

107 108 109 110
R TPCl  tlh] Yield (%)
108 109 110
CH,OH (44a) 200 5 62 28 10
COOEt (42-Et) 200 5 57 -a 43
XN\ (43m) 200 3.5 47 31 17
NHCOO(CH,),TMS (46b) 80 6 10 -a -2

@ Not detected.

48 111 (63%) 112 (36%)
MeO,C ﬁ
D:q\H CGH67 80 °C HC'O(CHz)ZTMS
NC-O(CH,),TMS —_—
MeO,C [l 100% \
53 54

Scheme 21. Thermal rearrangements of substituted bicyclopropylidenes [55, 103, 107, 108]

A remarkable reorganization has been observed for 2,2-diarylmethylene-
spiropentanes 113 after photoinitiated electron transfer from 9,10-dicyanoan-
thracene (DCA) leading to the reversible formation of 2,2-diarylbicyclopropyl-
idenes 114, the proportion of which decreases with an increase of the electron-
donating ability of the aryl substituents (Scheme 22) [109].

The biscyclohexane-annelated bicyclopropylidene 22a has been observed to
undergo a reversible syn-anti isomerization under Znl, catalysis [110] to end up
as a 1:3 mixture of syn- and anti-isomers [16] (Scheme 22).
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Ar DCA S
Ar DCA =
113 114

Ar 113 (%) 114 (%) O
ne— H-on
Ph 13 87

4-MeCgH, 23 77 Q
4-MeOCgH, 40 60

]; a Znl, g \

syn-22a 1:38 anti-22a

Scheme 22. Photoinitiated reversible reorganization of 2,2-diarylmethylenespiropentanes 113
and Znl,-promoted reversible syn-anti isomerization of bicyclopropylidenes 22a [16, 109]

4.2
Reactivity Towards Electrophiles and Cycloaddends

4.2.1
Carbene Additions Leading to So-Called Triangulanes

The addition of different types of carbenes onto bicyclopropylidene (1) is a
common method for the preparation of [3]triangulane derivatives as well as
branched triangulanes and normally proceeds without complications (for a
review see [77]). Thus, the cyclopropanation under Gaspar-Roth [60] or modified
Simmons-Smith [111] conditions gave dispiro[2.0.2.1]Theptane ([3]triangulane,
97) in 80 [105] and 15% yield [5], respectively (Scheme 23). The palladium(II)
acetate-catalyzed cyclopropanation of 1 with diazomethane, however, gave a
number of products resulting from insertion of one or more than one methylene
units into an initially formed palladacyclobutane 115 [112, 113] (Scheme 23).

(M)-(-)-Trispiro[2.0.0.2.1.1]nonane [(M)-(-)-118], the first enantiomerically
pure unbranched [4]triangulane, has been prepared from enantiomerically pure
bicyclopropylidenecarboxylic acid [(R)-(-)-42-H] starting with the cyclopropa-
nation under Simmons-Smith conditions of its ethyl ester (R)-42-Et as a key step
(Scheme 23) [59]. In spite of the fact that [4]triangulane has no chromophore
which would lead to any significant absorption above 200 nm, it has a remark-
ably high specific rotation even at 589 nm with [a] ¥ = -192.7 (¢ = 1.18, CHCl;).
Its outstanding rotatory power is in line with its helical arrangement of sigma
bonds. Thus, it is appropriate to call [4]triangulane a “o-[4]helicene”, represent-
ing the first o-bond analogue of the aromatic [n]helicenes.
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[ | CH,N,, CuCi (80%) N\

or CH,l,, ZniAg (15%)
CH,N,

! ~paon) %7
n CH,N,
—— 97 (30%) + CgHyp *+ CioHyg
L/'de (10 compounds)
115
BFEtOE':O O.E CHyly, Zn EO,0
3°Eb CO,Et 212, i, o R
R)-42-H —— — —_— CO,Et + R
" 97% D QR/ ultrasound V% e “f H
H
(R)-42-Et (1R,35)-116 (41%) (1R,3R)-116 (28%)
LIAH, Ph,P+Br, BUOK
Et,0 jins, ot CH2C|2, Py DMSO
1R,35)-116 — —_— — el A
( ) 85% s HR OH 79% 87% s
(1R,39)-117 (1R3S)-118 (S)-103
CH,N,
Pd(CAc), [o]2°= -192.7 (¢ = 1.18, CHCIy)
59% ee = 99%

(M)-(-)-119

Scheme 23. The cyclopropanation of bicyclopropylidene (1) and of enantiomerically pure
ester (R)-42-Et as a key step in the preparation of enantiomerically pure (M)-[4]triangulane
[(M)-119] [59,112,113]

The addition of dichloro- [114] and dibromocarbenes generated from Ph-
HgBr; [63] or bromoform [33, 34, 115] gave the corresponding 7,7-dihalotri-
spiro[2.0.2.1]heptanes 120 in 86-95% yields (Scheme 24).

The additions of difluorocarbene onto the bicyclopropylidene derivative 121
(Scheme 24) [116a], of dibromocarbene onto oligospirocyclopropanated bicy-
clopropylidenes 56 [33, 65] (66% yield) and 62 [117] (94% vyield), of dichloro-
carbene onto 56 [33] (90% vyield), 28a [118] (38% yield) and 121 (99% yield)
[116a] as well as of chloro(phenylthio)carbene (90 % yield) [33, 119], of bromo-

X X CF,Br,, PhyP, KF F F
l ] :CX, 18-crown-6, DME
86-95% ;; C L 20°C,24h
OTHP
1 120a X =Cl 121 122

b X =Br

Scheme 24. The addition of dihalocarbenes to bicyclopropylidene (1) and its derivative 121
[33,34,63,115,116a]
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phenylcarbene (77 % yield) [119] and of phenylthiocarbene (71% yield) [119]
onto 1 have also been performed. The absolute rates for the addition of chloro-
phenylcarbene and fluorophenylcarbene onto bicyclopropylidene (1) at 25°C
have been determined with rate coefficients of k=3.36 x 10® and 2.96 x
108 mol™! - s7!, respectively [116b]. For comparison, the corresponding rate coef-
ficients for the addition of these carbenes onto tetramethylethylene were 2.8 x
10® and 1.6 X 10® mol™! - s71, respectively [116b]. The cyclopropanation with
dichloro- or dibromocarbenes of oligocyclic bicyclopropylidenes of type 22 was
used in the preparation of “tube-like” molecules or “tunable molecular clefts”
[25,29]. However, the addition of dibromocarbene onto the bicyclopropylidene
anti-22a could not be achieved, probably due to steric overcrowding [16].

The addition of an alkoxycarbonylcarbene onto 1 and oligospirocyclopropa-
nated bicyclopropylidenes has been discussed above (see Scheme 13).It is note-
worthy, however, that sterically congested bicyclopropylidenes like 24, 62, when
treated with carbene-generating reagents, can yield by-products like 124 [120]
and 126 [117,121] (Scheme 25).

Me Br Br Me
Me . Me Me
:CBr, . Br Me
Me Me
M Br Me
e Me" Me Br
Br
24c 123 (80%) 124 (10%)
COOEt
COOEt
N,CHCOOEt
[Rh(OAc),], +
62 125 (32%) 126 (9%)

Scheme 25. Carbene cycloaddition onto sterically congested bicyclopropylidenes 24c¢, 62 [117,
120,121]

The addition of methylchlorocarbene onto bicyclopropylidene (1) (Scheme 26)
and functionalized bicyclopropylidenes like 44a and 121 has been used as a key
step in the synthesis of branched triangulanes [53, 122-124]. This was applied

CH,CHCl, C|_Me
BulLi i
=] — il
76%

1 127 128 66

Scheme 26. Application of methylchlorocarbene addition onto 1 for the preparation of bran-
ched [n]triangulanes [65, 122, 123]
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in the preparation of [3]rotane (128) [122, 123] and, after additional ubsequent
transformations, compounds like 66 [65].

[3]Rotane (128) was also prepared by addition of cyclopropylidene liberated
from in situ generated diazocyclopropane [62] onto 1 [65,105] (Scheme 27). This
carbene adds also to bicyclopropylidenes 56 and 62 producing triangulanes 129
[33,65] (Scheme 27) and 67 [33, 64, 65] (Scheme 11).

An alternative approach to the perspirocyclopropanated spiropentane 129 in-
cludes initial addition of tetrahydropyranyloxyethylchlorocarbene [65] onto 1
(Scheme 27), but this carbene did not react with the sterically congested bicy-
clopropylidene 62 [117].

[>—N(NO)CONH,
MeONa g
E :] 30%

1 128

[>—N(NO)CONH,

MeONa Cl (CHR),OTHP
- ZS :CCI(CH,),OTHP
23% - -— 1
55%
56 129

130

Scheme 27. Preparation of branched triangulanes 128, 129 via carbene cycloadditions [33,65,105]

The addition of oligospirocyclopropanated cyclopropylidenes 131 and 132
onto bicyclopropylidene (1) has also been probed (Scheme 28) [77, 117]. Car-
benes 131 and 132 were generated from the corresponding N-nitrosourea com-
pounds. The addition of such carbenes may serve as the only possible approach
to compounds like the highly strained perspirocyclopropanated [3]rotane 133
[117].

Bicyclopropylidene (1) reacts with dimethoxycarbene generated thermally
from the diazirine at 25°C to give a complex mixture of products [116b]. The cy-
cloaddition of several dialkoxycarbenes generated in situ from the correspond-
ing 2,2-dialkoxy-A3-1,3,4-oxadiazolines of type 134 with bicyclopropylidene (1)
affords the dialkyl acetals of dispiro[2.0.2.1]heptanone 135 (Scheme 29 ) [125].

o S

131 132
25% 14%
129 1 133

Scheme 28. Cycloaddition of oligospirocyclopropanated cyclopropylidenes onto bicyclo-
propylidene (1) [77,117]
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MeO oR qu 135a, R = Me (71%)
N ] MeO R 135b, R = 1Bu (37%)
Y 135¢, R = CH,CH,SiMe, (91%)

N~ CeHs, 100 °C VvV Vv 135d, R = CH,CH,CI (72%)

135e, R = CH,CH,Br (56%)
134

Scheme 29. Cycloaddition of dialkoxycarbenes onto bicyclopropylidene (1) [125]

The attempted transacetalization of the dimethyl acetal 135a was partially
successful only when it was boiled in excess ethanol in the presence of boron
trifluoride etherate. The formation of the corresponding diethyl acetal 137 indi-
cates that dialkyl acetals of dispiro [2.0.2.1]heptan-7-one can, in principle, enter
reactions without ring opening and thus be applied as a synthetic equivalent of
[3]triangulanone (Scheme 30) [125].

MeO_ OMe
EtOH, BF3 Et,O CO.Et
2
reflux 17 h

135a 136 (85%) 137 (9.5%)

Scheme 30. Attempted deprotection of acetal 135a [125]

The attempted deprotection of acetals 135 usually gave the products of ring
opening. Only in two reactions was the triangulane skeleton conserved. Treat-
ment of 135d with fert-butyllithium afforded in high yield 7-tert-butyldispiro
[2.0.2.1]heptanol (138). Reaction of 135e with nBuLi gave only 10% of dispiro-
heptanol 140, and the three products 139, 141, and 142 formed with opening of
the central cyclopropane ring (Scheme 31) [125]. Several of these products

OMe 2 equiv. BuLi, THF OH
OCH,CH,CI 78~ 0°C Bu
85%
135d 138
0 (0]
1 equnv BulLi HOQ By OH
oo = *
OCH,CH,Br 0
o}
(¢}
135e 139 140 141 142
-78 °C 15% 10% 8% 0%
-110°C 7% 10% 15% 26%

Scheme 31. Attempted deprotection of acetals 135d, e with alkyllithiums [125]
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/Ph Fh '\Q
~N toluene -N
NI > + —— )NI\ + N/Ph +
N ph” N
Ph Ph

100°C, 3 h o
! N
143 1 144 (12%) 145 (23%)
Ph
N HNPh Ph
N~ l\f f\i
PR N— N~
0
Ph)L N )LN/E
Ph
146 (12%) 147 (13%) 148 (19%)

Scheme 32. Reaction of bicyclopropylidene (1) with the stable carbene 1,3,4-triphenyl-4,5-
dihydro-1H-1,2,4-triazol-5-ylidene (143) [126]

138-142 apparently arise by intermediate formation of dispiro[2.0.2.1]heptan-
7-one.

The stable carbene 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene
(143) reacts with bicyclopropylidene (1) to yield the four unexpected products
144-147, none of which resembles the typical mode of [2+1] cycloaddition ob-
served for reactions of 1 with other carbenes (Scheme 32) [126].

4.2.2
Diels-Alder Reactions and Cycloadditions onto Electron-Deficient Cycloaddends

Bicyclopropylidene (1) is capable of undergoing cycloadditions by different mo-
des, depending on the nature of the cycloaddend. Whereas cyclopentadiene
(149a) gave the [4+2] cycloadduct 150a only, the reactions with 1,3-cyclohexa-
diene (149b) and 1,3-butadiene (83) led to mixtures of the [4+2] cycload-
ducts 150b, 152 and the [2+2] cycloadducts 151, 153, with an increasing pro-
portion of the latter in this order (Scheme 33) [104, 127].

Only [4+2] cycloadducts 155a,b were formed and isolated in 48 and 43 %
yield, respectively, in the reaction of bicyclopropylidene (1) with thiophene S-
oxide derivatives 154 a,b under high pressure (Scheme 33) [128].

The reaction of bicyclopropylidene (1) with 1,2,4,5-tetrazine (156), a diene
with inverse electron demand, afforded two stereoisomeric products of
type 159, trimers of the 8,9-diazadispiro[2.0.2.4]deca-7,9-diene (158), obviously
formed via the normal [4+2] cycloadduct 157 (Scheme 34) [104].

Bicyclopropylidene (1) does not undergo an intermolecular Diels-Alder reac-
tion with furan and 2-methoxyfuran even under high pressure. Intramolecular cy-
cloadditions of compounds 160 with a furan tethered to bicyclopropylidene,
however, were easily brought about under high pressure (10 kbar) and gave cyclo-
adducts 161 stereoselectively in yields ranging from 32 to 95% (Scheme 35) [58].
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SER IS
!

149an=1
149b n=2

(

150an=1(11%)
150b n=2 (11%) 151 n=2 (39%)

152 (4%)
0
L
Me Me MeCN, 10 kbar
L/ : A
R O O R 60°C, 5d
154aR =H 1 155a R = H (48%)
154b R = Bu 155b R = 1Bu (43%)

Scheme 33. Two modes of addition of acyclic and cyclic dienes onto bicyclopropylidene (1)
[104,127,128]

N
IN% Z Z "N N
N g I?I

156 1 157 158 159 (86%)

Scheme 34. The reaction of bicyclopropylidene (1) and 1,2,4,5-tetrazine (156) [104]

The kinetics of these reactions in comparison with those for methylenecyclo-
propane analogs of compounds 160 have been studied by following the progress
at pressures up to 3 kbar by on-line FT-IR spectroscopy [129]. The rate-enhanc-
ing influence of the additional strain in 160 overcompensates the expected re-
tarding effect of the increased steric shielding by the second cyclopropane unit
in 1 compared to methylenecyclopropane, and the cyclization rates for com-
pounds 160 were faster by a factor of 6.8 to 8.1 in comparison with the corre-
sponding methylenecyclopropane derivatives.

Bicyclopropylidene (1) reacts with electron-deficient cycloaddends in differ-
ent ways, depending on the partner. Trichloroethylene and acrylonitrile under-
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R
- 20 A
— 10 kbar
CH,X Y
44a X = OH, 44c X = OSO,Ph 160 161
43i X = CH,0H, 47¢ X = CH,!
R H MeO H H
Y CH, CH, CH,O Me,SiO
Yield of 161 (%) 32 95 46 83

Scheme 35. Intramolecular Diels-Alder reactions of bicyclopropylidene derivatives 160 [58]

went cycloaddition onto 1 at elevated temperatures yielding the corresponding
[2+42] adducts 162 and 163, respectively. Fumaronitrile upon reaction with 1
gave rise to both trans-(164) and cis-7,8-dicyanodispiro[2.0.2.2]octanes (165).
The vinyldispiro[2.0.2.2]octane derivative 168 was isolated from the reaction of
1 with 1,2-dicyanocyclobutene (166). Apparently, 166 underwent ring-opening
to 167, and then 1 was added across one of the double bond of 167 to give 168
(Scheme 36) [104,130].

Cl Cl
=
Cl Cl CN CN
Cl 180 °C 180 °C
Cl 4d 2h
162 (18%) 1 163 (98%)
NC
\CN CN CN
1 — +
CN
164 (45%) 165 (13%)
CN
180 °C CN 1
o == - on
CN CN CN
166 167 168 (28%)

Scheme 36. Cycloaddition reactions of bicyclopropylidene (1) with substituted ethenes [104,
130]
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S-Bu OMe
CN CN
S 171 172
+ CN R — —_—
S-Bu 100 °C 100 °C OMe
CN 40 h 24 h CN
169 (34%) 170 (24%) 1 173 (59%)

Scheme 37. Reactions of capto-dative olefins 171 and 172 with bicyclopropylidene (1) [131]

Capto-dative olefins 171 and 172 also underwent formal [2+2] cycloadditions
with 1 to yield compounds 169, 170, and 173, respectively (Scheme 37) [131].

All of the above-mentioned [2+2] cycloadducts presumably arise via inter-
mediate 1,4-diradicals in a stepwise manner [104, 131]. However, cycload-
ducts 174 and 175 of 1 to chloro- and dichloroketene most likely arise from a
concerted [ 2.+ ,2,] cycloaddition mode (Scheme 38) [104, 130].

cl a
EL,0 Et,0 —Cl
Cl 34°C, 16 h 34°C, 17h Ci
174 (63%) 1 175 (59%)

Scheme 38. [2+2] Cycloadditions of bicyclopropylidene (1) to chloro- and dichloroketene
[104,130]

Sulfuryl chloride isocyanate with 1 gave the expected B-lactam 177 only as a
minor product, the principal product being the y-lactam derivative 178.1t is rea-
sonable to assume that the 1,4-zwitterionic intermediate 176 is responsible for
the formation of 177 and 178 (Scheme 39) [104, 130]. Sulfonation of 1 with SO,
also proceeds with ring opening of one of the cyclopropyl groups to give quan-
titatively the spirocyclopropane-y-sultone 179 (Scheme 39) [76, 132].

0
CISON=C=0 -
B N
CH,CI,, 25°C,2h 0,SCl +
1 \S\OB 176 177 (10%) 178 (55%)

179 (= 100%)

Scheme 39. Reactions of bicyclopropylidene (1) with sulfuryl chloride isocyanate and SO; [76
104, 130, 132]
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0
N D iy o PG

N\< 20°C,1.5h NPh N\<

0 o)

0]

1 180 181 182 (83%)

Scheme 40. Reaction of bicyclopropylidene (1) with 4-phenyl-1,2,4-triazoline-3,5-dione (180)
[104, 130]

With 4-phenyl-1,2,4-triazoline-3,5-dione (180), bicyclopropylidene (1) react-
ed by yet another mode and gave the spiroannelated diaziridine 182 (Scheme 40)
[104, 130].

All three modes of cycloadditions described above for various electron-defi-
cient cycloaddends were realized in the reaction of 1 with tetracyanoethylene
(TCNE) which gave a mixture of cycloadducts 183-185 (Scheme 41) [104, 130].

TONE " Ne N
CN + CN oN
CeHe CN CN CN
60°C, 0.5h NC CN
1 183 (17.5%) 184 (17.5%) 185 (45%)

Scheme 41. Reactions of bicyclopropylidene (1) with TCNE [104, 130]

423
Electrophilic and Radical Additions

In the investigation of electrophilic additions onto bicyclopropylidene (1) it was
of prime interest to answer at least the two prominent questions of whether a
cyclopropyl substituent can efficiently stabilize a cyclopropyl cation and prevent
it from undergoing ring opening and whether the rate of such an electrophilic
addition adequately correlates with the strain in the molecule. Surprisingly, the
published data in this context are scarce. Thus, the addition of mercuric acetate
to 1 led to a mixture of 186 and 187 in a ratio of 8:1 and a total yield of 97 %. It
was concluded that both products arise as a result of initial attack by the mer-
curic cation on the double bond of 1. Apparently, the bicyclopropyl deriva-
tive 186 was formed by the usual 1,2-acetoxymercuration without ring opening
of the intermediate 1-cyclopropylcyclopropyl cation, only the minor pro-
duct 187 arose by cyclopropyl to allyl cation rearrangement (Scheme 42) [133].

1) Hg(OAc AcO
>=] A9 g HgCl Aco/\g HgCl
2) NaCl

1 186 (86%) 187 (11%)

Scheme 42. Oxymercuration of bicyclopropylidene (1) [133]
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Br,, n-CqHy», Br

Brg\/Br
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Br
D~=‘q _— Br :>—(_\Br
-20°C Br Br
1 188 (82%) 189 (8%) 190 (5%)
| Br,, MeOH, 20 °C Br
188 (75%) + OMe 190 (7%)
191 (17%)
Me MeO_PMe_py
Br,, MeOH Br B . Br ., Br
20°C
55
192 (42%) 193 (50%) 194 (4%)
Me Br Brz, MeOH HBr,C;H,, Br H
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VARV van VAR e '
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>95% X
62 199a X = Br
199b X =H

Scheme 43. Bromination and hydrobromination of bicyclopropylidene (1) and spirocyclopro-
panated bicyclopropylidenes 55, 56, 62 [33, 64, 119, 134]

Bromine additions to bicyclopropylidene (1) as well as spirocyclopropanated
bicyclopropylidenes 55, 56 have been performed in methanol at 25°C. An in-
creasing number of spiroannelated three-membered rings was found to stabilize
the intermediate cyclopropyl cations against ring opening (Scheme 43) [134].
Thus, the bromination as well as hydrobromination of di- and tetraspirocyclo-
propanated bicyclopropylidenes 56 and 62 proceeded with complete retention of
all cyclopropane rings (Scheme 43) [33, 64,119, 134].

The recently determined kinetic data for the bromination of bicyclopropyl-
idene (1) and spirocyclopropanated bicyclopropylidenes 55, 56 in methanol at
25°C disclose that the addition of Br, onto the double bonds in 1, 55, 56 proceeds
essentially with the same rate as the bromination of corresponding oligomethyl-
ated ethylenes. The bromination rate increases with an increasing number of
spiroannelated three-membered rings, and the rate of bromination correlates
with the m-ionization energies of the molecules (Table 5) [134].

The addition of thiols 200a-h onto the double bond of bicyclopropylidene
(1) in benzene proceeds rapidly at 20 to 75 °C in the absence of catalysts or radi-
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Table 5. Rate coefficients (kgy,) of bromine addition to alkenes 1, 55, 56 and m-ionization en-
ergies (7-1E,) [134]

Olefin kg, [mol™"eles™'] lgkg,,  TIE, [eV]
>=] (4.700.05)x10* 4.67 8.93
1
[>=Q[> (1.6310.04)x10° 6.21 8.70
55
(3.4240.11)x10’ 7.53 8.50
56

cal initiators to give products 201a-h almost quantitatively with complete re-
tention of both three-membered rings (Scheme 44) [135]. The addition of thiols
to n-alkylbicyclopropylidenes 43 e - g does not proceed stereoselectively, though
in all cases the mercapto function adds to the double bond with retention of the
cyclopropane ring to give interesting new compounds containing bicyclopropyl
fragments [135]. Apparently, the intermediate 1-(1"-alkylthiocyclopropyl)cyclo-
propyl radicals in this radical addition to 1 undergo ring opening far less rapidly
than ordinary cyclopropylmethyl radicals.

CeHg, 20-75°C SR H X
D>=<] + RsH - [>g<] or X H
1-6h H

89-99%
1 200a-h 201a-f 201g X =CH,

201h X = CH,CHOH

| a b ¢ d e f g h
RI Ph Et nBu (CH,),OH (CH,),COOH CH,CO,Et (CH,),SH CH,(CHOH),CH,SH

Scheme 44. Radical addition of thiols and dithiols 200 onto bicyclopropylidene (1) [135]

The facile quantitative addition of mercaptoethanol 200d onto the double
bonds of bicyclopropylidene derivatives has successfully been applied to sepa-
rate the difluorocarbene adduct 122 from the starting material 121 (see
Scheme 24) [116].

4.2.4
Reactions with 1,3-Dipolar Cycloaddends

Ozonolysis of 1 gave rise to a mixture of the epoxide 202, spiro[2.3]hexan-4-one
(203), and 4-oxaspiro[2.4]heptan-7-one (204). While 202 and 203 apparently
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arise by 1,3-ring closure and cyclopropylcarbinyl to cyclobutyl ring enlarge-
ment, respectively, of an intermediate 1,3-zwitterion formed by oxygen split off
from a 1,5-zwitterion en route to a primary ozonide, the major product 204 must
be formed via an oxy-analog of a cyclopropylmethyl to homoallyl cation re-
arrangement of an intermediate 1,5-zwitterion formed by heterolytic ring open-
ing of the primary ozonide between two oxygen atoms (Scheme 45) [104, 130].

0O,, CH,C x 0
v AR & SR
78 °C, 20 min
1 202 (22%) 203 (11%) 204 (67%)

Scheme 45. Ozonolysis of bicyclopropylidene (1) [104, 130]

Nitrones 205 react at ambient or slightly elevated temperature (60°C) with
bicyclopropylidene (1) to give the bis(spirocyclopropane)-annelated isoxazoli-
dines 206. Heating of compounds 206 in xylene solution at 110-125°C led to a
clean rearrangement with radical ring opening of the spirocyclopropane ring in
the 5-position to give spirocyclopropane-annelated piperidones 207 after ring
closure. The same sequence of cycloaddition and rearrangement can be achiev-
ed in a single operation with considerable benefit for the reaction yield by heat-
ing a nitrone 205 and 1 in xylene solution at 120 °C (Scheme 46) [136-138].

This reaction has recently been applied for the preparation of aza-analogs
with the basic skeleton and functional groups of the extremely cytotoxic sesqui-
terpenes illudin (208) and ptaquiloside (209) [139]. Compounds 212-215 were
successfully prepared by heating bicyclopropylidene (1) with the enantiomeri-
cally pure nitrones 210,211 (Scheme 47) [138]. Some of these simple aza-analogs
have indeed been found to exhibit DNA-cleaving abilities [138b, c].

R1

R1
\" 20-60 °C 120 °C R! (0]
+ ——
N.l_ _ 2/N~
R2“ N0 o RN
205 1 206 207
o o Yield of 207 (%)
R R ield o (%) (one-pot yields in parentheses)
Me  Ph 93 63 (61)
Me CO,Et 34 61 (54)
~(CHy)a 42 5025
—(CH,),-CMe, 80 76 (80)
~(CH)- 37 o8 (49
0. CHLOH OoH 3 50 (73)

Scheme 46. 1,3-Dipolar cycloadditions of nitrones 205 onto bicyclopropylidene (1) [136-138]
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Me oH HO Me O
Me Mo
HO-, "CH,R Me :
Me OH
(0]
208a, R = OH 209
208b, R =H
BuO :R BuO HO
Z—-S 1,120°C O CF4CO,H 0
2 —_— - R
'l\‘+ R N N
O_
210,R=H 212, R = H (64%) 214, R = H (84%)
211, R =BuO 213, R = 1BuO (61%) 215, R = OH (93%)

Scheme 47. Preparation of aza-analogs 212-215 with the basic skeleton and functional groups
of the sesquiterpenes illudin (208) and ptaquiloside (209) [138]

1,3-Dipolar cycloadditions of nitrile oxides 216 onto 1 gave much poorer
yields of cycloadducts 217 than those of nitrones 205. The cycloadditions of 216
to 1 require higher temperatures and unfavorably compete with their dimeriza-
tion to furoxanes. However, stable nitrile oxides 216 with bulky substituents R
that hamper dimerization, can be used. The thermal rearrangements of 5-
spirocyclopropane-annelated isoxazolines 217 always required higher tempera-
tures than the isoxazolidine counterparts. Under these conditions the second
cyclopropane ring was also cleaved to give furopyridines 218 (Scheme 48) [136,
137].

R
|
_ (0]

m+ 60-110 °C 7 170 °C R N
¢ N —
R e} N A
216 1 217 218

R Yield of 217 (%) Yield of 218 (%)

Me 10 0

Ph 40 44

2,4,6-Me;CgH, 67 44
PhsC 17 21

Scheme 48. 1,3-Dipolar cycloadditions of nitrile oxides 216 onto bicyclopropylidene (1) [136,
137]
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Scheme 49. 1,3-Dipolar cycloaddition of p-nitrobenzenesulfonyl azide (219) onto dispirocy-
clopropanated bicyclopropylidene 56 [140]

The 1,3-dipolar cycloaddition of p-nitrobenzenesulfonyl azide (219) onto di-
spirocyclopropanated bicyclopropylidene 56 has been used as a key step in a
general repetitive procedure for the preparation of [n]rotanes 222 (Scheme 49)
[140].

4.2.5
Miscellaneous

Bicyclopropylidene (1) readily reacted with photochemically generated singlet
oxygen at 30-35°C to give spiro[2.3]hexan-4-one (203) and 7-oxadi-
spiro[2.0.2.1]heptane (202) [104, 141]. Bicyclopropylidene epoxide 202 can also
be prepared by epoxidation of 1 with m-chloroperbenzoic acid in the presence
of Na,CO; [141] or with KHSOs/acetone [74]. Bicyclopropylidene (1) was found
to quench the fluorescence of 9,10-dicyanoanthracene [81].

The outstanding chemical properties of bicyclopropylidene (1) were once
again exemplified by its unprecedented addition to tetrachlorocyclopropene
(TCCP). Reaction between 1 and TCCP occurred at 80°C and led to 223 which
was readily hydrolyzed to give 224. Adduct 223 apparently arises from a nucleo-
philic attack of 1, most probably in a Sy2’ fashion, on TCCP which corresponds
to a chloroene reaction (Scheme 50) [142].

Treatment of bicyclopropylidene (1) with lithium powder led to ring opening
and subsequent treatment of the reaction mixture with dimethyl sulfate afford-
ed the methylenecyclopropane derivative 225 and 4-octyne (226) in variable ra-
tios (Scheme 51) [143].

In protic solvents, alkylbicyclopropylidenes 43 e, f can be smoothly reduced
with lithium to give a mixture of bicyclopropyl derivatives 227a,b almost quan-
titatively [56a]. The stereoselectivity of these reductions with dissolving lithium
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“a0ec” cl Cl H_30: Cl
>= 73% cl g7%  Cl COOH
Cl
1 223 224

Scheme 50. Reaction between bicyclopropylidene (1) and tetrachlorocyclopropene [142]

is strongly affected by the solvent and the temperature, it is highly trans-stereo-
selective in liquid ammonia at -35°C (Scheme 51). Along this route, the THP-
protected (bicyclopropylidenyl) alcohols 43 p-v were reduced to the trans-bicy-
clopropyl derivatives 228 p-v (Scheme 52) [57].

The stereoselective reduction of meso-bis(bicyclopropylidenyl) (meso-87)
with lithium in liquid ammonia gave an almost quantitative yield of the two dia-
stereomeric quatercyclopropyls trans,trans-229 and cis,trans-230 in a ratio of
4.4:1 (Scheme 53) [56]. On the other hand, reduction of meso-87 with diimine
generated from 2-nitrobenzenesulfonyl hydrazide gave the cis,cis-quatercyclo-
propyl (231) (Fig. 6) as the main product (isolated by chromatography) along
with the cis,trans-diastereomer 230 (Scheme 53) [56].

Thus, three of the six possible diastereomeric quatercyclopropyls were
obtained from meso-87, the other three may be prepared analogously from d,I-
bis(bicyclopropylidenyl) (d,I-87).

1) Li, Et,0 =_/_
[ { 2) (Me0),S0, [>=<_/ S

1 225 226
1) Li, RNH,
D <l ey +
Bu" 2) MeOH nBu nBu
43e 227a 227b

R T [°C] Time [h] Ratio (227a/227b)
Et -78 3 2:1

Et/Me 1:1 -95 3 4.5:1
H -35 1.5 95:5

Scheme 51. Reduction of the double bonds in bicyclopropylidene (1) and n-butylbicyclopro-
pylidene (43 e) with dissolving lithium under various conditions [56a, 143]
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1) Li (3 equiv.), NH,

-78°C,2h 7,
2) MeOH
;‘-)—nOTHP ) H

-78 - 20°C -OTHP
43p-v 228p—v

n 3 4 5 6 7 8

Product 228p 228r 228s 228t 228u 228v

Yield (%) 64 88 83 87 67 75

Scheme 52. trans-Stereoselective reduction of the double bonds in the THP-protected (bicy-
clopropylidenyl) alcohols 43p-v [57]

1) Li, NHy
-78 — 35°C , ™
NG +
2) MeOH A N d
95%
meso-87 (FFS'R*S)-229 44 :1 (RS'RR")-230
meso
NO,
HO(CH,),NH, H H
MeOH, 20°C +

meso-87

(S*S*R"S)-230 (29%)  (S'S*R*R*)-231 (58%)
meso

Scheme 53. Reduction of the double bonds in meso-bis(bicyclopropylidenyl) (rmeso-87) under
various conditions to yield quatercyclopropyls 229-231 [56]

Fig.6. Structure of (S"S'R'R")-quatercyclopropyl, [(S'S'R"R")-231] in the crystal [56]
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4.3
Metal-Catalyzed Reactions of Bicyclopropylidene

Nickel(0)-catalyzed [2+2] cycloaddition of cyclobutene to bicyclopropylidene
(1) gave rise to the bis(spirocyclopropane)-annelated bicyclo[2.2.0]hexane deri-
vative 232, the main product was 1,5-cyclooctadiene (233), formed by dimeriza-
tion of cyclobutene with subsequent rearrangement (Scheme 54) [8, 144].

Ni(COD),, PPhs, CgHg /AN
C y - [ 20°C, 48 h L_—I:V * O

1 232 (15%) 233 (27%)

Scheme 54. Nickel(0)-catalyzed [2+2] cycloaddition of cyclobutene to bicyclopropylidene (1)
(8, 144]

Some of the most striking examples for an intramolecular Pauson-Khand
reaction involving a tetrasubstituted double bond are the cobalt-mediated cyc-
lizations of bicyclopropylidene derivatives 234 leading to the interesting
spirocyclopropanated tricyclic products 235. The successful cyclizations even of
the trimethylsilyl-substituted enynes 234 demonstrate the unique reactivity of
the strained double bond in the bicyclopropylidene moiety of these molecules
(Scheme 55) [145].

1) Co,(CO)q R n Yield (%)
) 2IMeNO 0 " SiMe; 1 31
R—= n B H 1 45
SiMe, 2 37
234 235

Scheme 55. Intramolecular Pauson-Khand reactions of bicyclopropylidene derivatives 234
[145]

So-called domino cascade reactions have become more and more important
for the efficient synthesis of complex organic molecules. In this respect the Heck
reaction of aryl or alkenyl halides with bicyclopropylidene (1) leading to substi-
tuted 1,3-dienes or cross-conjugated trienes which subsequently undergo Diels-
Alder reactions with added dienophiles, are particularly interesting [146, 147,
148].1t is noteworthy that bicyclopropylidene (1) itself at room temperature un-
dergoes a slow isomerization in the presence of [Pd(OAc), - 2 PPh;] to form al-
lylidenecyclopropane (236), which was trapped in a Diels-Alder reaction with
diethyl fumarate to yield the adduct 237 (Scheme 56) [148]. Upon heating to
80°C, this reaction led to a complex mixture of bicyclopropylidene dimers
238-241 apparently formed by consecutive Pd-catalyzed reaction of the iso-
mer 236.
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CO,Et
Pd(OAc),*2 PPhy EtO,C
D=q CgHg, 20°C, 24 h D=F CeHg, 80 °C &COZEt
55% o
45% CO,Et
1 236 237
~
Pd(OAc),*2 PPhs X
CgHe, 80°C, 2 h I
1 . + + +

238 239 240 241

Scheme 56. Isomerization and dimerization of bicyclopropylidene (1) in the presence of a pal-
ladium catalyst [148]

Coupling of 1 with iodobenzene under Heck reaction conditions gave the
phenyl-substituted diene 242-Ph which was isolated in up to 78 % yield [146-
148]. When heated at 80°C in DMF or MeCN with various dienophiles 244-R
(acrylate, maleate, or fumarate), 242-Ph and its analogs 242-Ar obtained from 1
and other haloarenes cleanly gave the spiro[2.5]octene derivatives 245-Ar
(Scheme 57).

The Heck coupling of iodoarenes and bicyclopropylidene (1) can be carried
out in the presence of the dienophiles 244-R to give the spiro[2.5]octenes 245-
Ar-Rin a single operation in 41-100% yield (Scheme 57) [147,148].It is quite re-
markable that the carbopalladation of 1 proceeds more rapidly than that of the
methyl acrylate 244-H, as the coupling even in the presence of 244-H gave only a
trace of methyl cinnamate resulting directly from the latter and iodobenzene.
With the enantiomerically pure N-acryloyl-(S)-camphorsultam the correspond-
ing spiro[2.5]octene derivative was obtained as a single enantiomer.

Vinyl iodide coupled to 1 gave the rather sensitive and reactive cross-conju-
gated diene 243 in 37-43 % yield. When a dienophile 244-R was added to the re-
action mixture prior to work-up, the corresponding monoadducts of type 247
were isolated in 15-65% yield. Heating a mixture of 1, vinyl iodide, and a di-
enophile 244-R in the presence of palladium catalyst yielded the corresponding
bisadducts 250 resulting from a domino Diels-Alder addition onto the cross-
conjugated triene 243 (Scheme 57) [147, 148].

The interesting three-component reaction of 1, aryl iodides, and dienophiles
can be extended to difunctional aryl halides like p-diiodobenzene (251). This
formal five-component reaction proceeds under ordinary Heck conditions, but
gives a particularly good yield of the twofold domino adduct 252 under high
pressure (10 kbar) which accelerates both the Heck coupling as well as the Diels-
Alder reaction (Scheme 58) [148]. o-(Hydroxymethyl)iodobenzene (253) react-
ed with 1 to yield the expected diene 255 (40 % yield) along with the cyclopro-
pylidenedihydropyrane 254 (27 %) apparently resulting from an intramolecular
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ArX, Pd(OAc), 2|, Pd(OAc), > \z
| Ar PPhg, Et;N PPh,, Et;N —

242-Ar 1 243 (37-43%)
ArX, 244-R
0SOo,n-C,F
R E Pd(OAc), Et;N PU L R E
DNE')F = DMF 20°C =
80°C ¥ 2a4m 80°C  [PA(PPhg),] 244-R
NEt;, MeCN
Ar \ /
R E R E
245-Ar-R 246 247-R
R E R £
\—/ [ 70°C
244-R 244-R $[_:_
35°C $
lllllR
H
+
R E R E
248-R 249-R 250-R
Dienophile 244 i
Substrate P Product Yield
R (%)
Phl H 245-Ph-H 100
PhBr H 245-Ph-H 59
Phli CO,Me 245-Ph-CO,Me 97
pTol-l CO,Me 245-Tol-CO,Me 99
4-Pyr-1 H 245-4-Pyr-H 81
4-Pyr-| CO,Me 245-4-Pyr-CO,Me 60
2-Bromothiophene H 245-2-Thienyl-H 88
CgHgONf CO,Me 248-CO,Me, 249-CO,Me 41
C,Hl H 247-H 63
C,Hal H 250-H 59
C,Hal CO,Me 247-CO,Me 60
C,Hl CO,Me 250-CO,Me 49

Scheme 57. Domino Heck-Diels-Alder reactions of bicyclopropylidene (1) [147, 148]
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MeO,C.,,
Pd(OAc), (5 mol%)

PPh; (10 mol%)
= L SOV oo
\@\ CO,Me Et,N, DMF, 10 kbar
80°C,24h
87%

251 244-H

PA(0AG),, ((/_\)\) p _

O 3
.
DMSO, 80 Oc 24h o OH

254 (27%) 255 (40%)
Pd(OAC), (/
1 K,COs, Et,NCI, L|OAc
+
MeCN, 80 °C, 24 h
257 (50%)

Scheme 58. Different modes of palladium-catalyzed domino reactions of bicyclopropylidene
(1) [148]

trapping of an intermediate m-allylpalladium complex formed by rearrange-
ment of the o-homoallylpalladium intermediate initially formed after the cyclo-
propylcarbinyl to homoallyl rearrangement (Scheme 58) [148]. The B-hydride
elimination can be retarded to favor this o-homoallyl to m-allylpalladium rear-
rangement in the presence of trisfuranylphosphane as a ligand, and the m-allyl-
palladium intermediate then trapped with an external nucleophile such as ace-
tate to give products of type 257 [148].

Whereas Pd(OAc), - (PPh;), decelerates the addition of thiols onto bicyclo-
propylidene (1) with the retention of the both three-membered rings by a factor
of about six (see above, Scheme 44) [135], hexamethyldisilane does not react
with 1 in the absence of a palladium catalyst. Under palladium catalysis, how-
ever, this addition really proceeds inter- as well as intramolecularly and, sur-
prisingly, with retention of both cyclopropane fragments to give compounds 258
and 260, respectively (Scheme 59) [149]. This type of addition turned out to be
rather sensitive to the nature of the addend and the catalyst. For example, the ad-
dition of bis(fluorodimethylsilane) and trimethylsilyl cyanide to 1 also proceed-
ed well, but gave ring-opened products 261 and 262, respectively (Scheme 59).
Cyclic disilanes, trimethylsilylmethyl sulfide and diphenyl disulfide do not react
at all with 1 under palladium catalysis [149].

Bicyclopropylidene (1) also reacts with activated alkenes under transition-
metal catalysis. With electron-deficient alkenes under nickel(0) catalysis, the
[2+2] cycloadduct 263 was the main component in the reaction mixture [2b,
150]. Under palladium(0) catalysis, formal [3 +2] cycloaddition of electron-de-
ficient (Scheme 60) as well as strained alkenes can be achieved exclusively
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Me;Si-SiMe, X
Pd(PPhg)zClz Me3Si n |siMe2 Pd(OAC)Z )n
X toluene SiMe, CoHe /X
SiMe
°G. 4 . 70°C, 3d 2
;)’\C),(d SiMeg >k)( Me;Si
1 NC  258(77%)  259an=0,X=CH, NG e0an=o,
259bn=1,X=0 X = CH, (74%)
260b n=1,
X = O (78%)
Me;Si—-CN FMe,Si-SiMe,F
PdCl*Py Pd(PPhs),Cl,
. -—_ —_— )
Me,Si toluene CeHg, 70°C, 120 FMe,Si
100°C, 14 d 55% )
CN 68% SiMe,F
261 1 262

Scheme 59. Different modes of addition of Me,Xsi-Y reagents onto the double bond in bi-
cyclopropylidene (1) under palladium catalysis [149]

(Scheme 61) [2b, 150], but can give rise to a variety of products. With unsym-
metrically substituted alkenes of type 266, two regioisomeric products were ob-
tained, but the isomer 268 bearing the ester group near the spiro atom was the
minor component in all cases. Norbornadiene and norbornene react with 1 by
the same mode to give formal [3 +2] cycloadducts 269 and 270, respectively, the
latter as a 9:1 mixture of exo- and endo-isomers.

In the absence of another activated alkene, one molecule of bicyclopropyl-
idene (1), after the opening of a distal bond, underwent formal [3+2] cycload-
dition to a second bicyclopropylidene molecule to give 8-cyclopropylidenedi-
spiro[2.0.2.3]nonane (272) (Scheme 61) [2Db, 150].

Bromobicyclopropylidene (43 d) reacts with the chlorozinc compound 274a
produced by metal exchange from lithiated ethyl N-(diphenylmethylene)glyci-
nate [151] under PdClL,(dppf) catalysis [152] to give the substituted diene 277
formed by an unusual ring opening (Scheme 62) [153].

Similar results were obtained in the couplings of 2-bromomethylenecyclo-
propane under Pd(dppa), catalysis [147a, 153] and of bromobicyclopropylidene
(43d) with organometallic derivatives of diethyl malonate 274b under
PdCl,(dppf) catalysis [153]. The reversal of polarities of the reactands, i.e., treat-
ment of bicyclopropylidenylzinc chloride (273) with the bromomalonate 275 or
O’Donnell’s acetoxyglycine derivative 276 under palladium catalysis led to the
formation of the same products, but in lower yields. Although the the com-
pounds 277 and 278 are structurally analogous to the products of the Heck re-
actions with 1 (see above, Scheme 57), they must be formed along a different
mechanistic path [153].

Another interesting example for an unusual transformation of bicyclopropyl-
idene (1) is the reaction of the higher-order cuprate 279 [154] derived from 1
with the electrophilic glycine cation equivalent 276 [155] which produces the
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Ni(COD),
X FOEL (2-PhCgH,0)5P (1-3 equiv.) EtO,C
’ +
toluene, 110 °C
HoC 05h EtO,C
! 263 (23-31%)
CO,Et
- IO
s EtO,C CO,Et
EtO,C CO,Et CO,Et
264 (10-25%) 265 (11-18%)
R’ up o
Pd
+ = - .
R20,C o E 1 p )
ROL R R CO,R
1 266 267 268
R R® Catalyst Conditions Ratio  Yield
(267/268) (%)
= - 0,
H Me (m {\II)Pde 130-160 °C 261 o
iPrsP 2h
[¢]
H Me Pd(fﬂba)z 130 °C a1 45
Bu(iPr),P 2h
0,
Me Me Pd(fiba)z 110 °C o “
Bu(iPr),P 3h
Pd(dba), 110 °C
Ph M 9:1 60
¢ Bu(iPr),P 3h
- 0
CO,Et  Et (n-All)PdCp 110°C ) .
iPrsP 3h
0
CO,Et  Et Pd(dba), 110°C ) o
Bu(iPr),P 3h

Scheme 60. Reactions of bicyclopropylidene (1) with electron-deficient alkenes under
nickel(0) and palladium(0) catalysis [2b, 150]

methylenetetrahydropyridine derivative 280a (Scheme 63) [156]. In solutions,
compound 280a exhibits a tautomeric equilibrium with 280b.

Stable complexes of titanium, 281 [157], cobalt, 282 [157], and platinum, 283,
with a bicyclopropylidene ligand [158] have been obtained (Fig. 7), showing that 1
is a remarkably good ligand in spite of being a tetrasubstituted alkene. The com-
plex 282 has been fully characterized by an X-ray crystal structure analysis [157].

It shows that the bicyclopropylidene ligand in 282 is remarkably bent out-of-
plane by 40° at both termini of the double bond, i.e., this complex can be con-
sidered as a derivative of 7-cobalta[3]triangulane.
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A

Pd(dba), Pd(dba),
Bu(/Pr),P Bu(iPr),P
- . +
110°C,0.5h 110°C,0.5h

61% 66%
269 1 exo-270  9:1  endo-270
Pd(dba),
(Pr)sP / 1
|>=<| _ i —PdL —_—
110°C, 4 h \ n 48%
1 271 272

Scheme 61. Addition of bicyclopropylidene (1) onto strained alkenes under the palladium(0)
catalysis [2D, 150]

Y PACl,(dppf), THF
+ X—< —2—> X
pa 20°C, 24 h |
X Y

43d X = Br 274a X = ZnCl, 277 Y = CO,Et, Z = N=CPh, (72%)
43d X = Br 274b X = ZnCl, 278 Y = Z = CO,Et (24%)
273 X = ZnCl, 275 X =Br 278Y = Z = CO,Et (27%)
273 X = ZnCl, 276 X =0Ac 277 Y = CO,Et, Z = N=CPh, (29%)

Scheme 62. Palladium-catalyzed cross-coupling of bicyclopropylidene derivatives with metal-
lated or brominated CH-acidic compounds accompanied by an unprecedented ring opening
[153]

Ph
Ph THF L Me Ph
N 0 Ph
-10°C,6h |
+ A0~ Ph — NH &—=—= _N
CO,Et 63%
5 Cu(CN)Li, COOEt COOEt
279 276 280a 280b

Scheme 63. Reaction of the higher-order cuprate 279 derived from 1 with O’Donnell’s acetoxy-
glycine derivative 276 occurring with opening of a three-membered ring [156]

Bu_  Bu
N
Cp,Ti»ee ...CO\P { SPtess

B4 Bu Bu

281 282 283

Fig.7. Stable complexes of bicyclopropylidene (1) with transition metals [157, 158]
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5
Conclusion and Outlook

The presented chemistry illustrates the broad synthetic applicability of bicyclo-
propylidene (1) and its derivatives. Is there anything left to be done? Yes, indeed,
there is a huge unexplored area of bicyclopropylidene chemistry in view of
modern organometallic chemistry, and there is a broad scope for new bicyclo-
propylidene derivatives. For example, applying the recently reported conditions
for the dimerization of cyclopropylidenoids generated from 1,1-dibromocyclo-
propanes and alkyllithiums in the presence of CuCl, [40] to 1,1-dibromospiro-
pentane 284 enabled the preparation of the unsymmetrically bisspirocyclopro-
panated bicyclopropylidenes (E)- and (Z)-285 in a preparatively acceptable yield
[159]. Dimerization of such carbenoids could not be realized without ring open-
ing in the absence of CuCl, [33, 34]. It is spectacular that this new method could
also successfully be applied to 7,7-dibromodispiro[2.0.2.1]heptane (120b), the
dibromocarbene adduct of 1, to afford the perspirocyclopropanated bicyclopro-
pylidene 62 (isolated in 80% yield) making this exotic hydrocarbon - a super-
bicyclopropylidene - which had previously been prepared along a tedious 14-
step sequence [33, 64] easily available in preparatively useful quantities
(Scheme 64) [159].

Br
§ Br 1)BuL| THF, =90 °C
2) CuCl,, =90 — 20 °o

284 (E)-285 (27%) (2)-285 (40%)
1) CHBrg, KOH, TEBACI
1) BuLi, THF, =90 °C 2) BuLi, THF, =90 °C
Br 2 2) CuCl, -90 - 20°C 3) CuCl,, ~90 — 20 °C
Br 80% 20%
120b 62 286

Scheme 64. Dimerization of coppercyclopropylidenoids generated from oligospirocyclopro-
panated dibromocyclopropanes and butyllithium in the presence of CuCl, [159]

It is even more spectacular that the dibromocarbene adduct of 62 can be di-
merized again to give the “supersuperbicyclopropylidene” 286 (Fig. 8) [159].
This new methodology thus allows the construction of a whole family of den-
dritic molecules consisting of spiroannelated three-membered rings with a cen-
tral double bond, which in turn can probably be used to prepare higher order
branched triangulanes.

On another front, further progress can and will be achieved towards the pre-
paration of bicyclopropylidene analogs of naturally occurring and biologically
active methylenecyclopropane derivatives. Two particularly interesting speci-
mens are the naturally occurring 3-(2-methylenecyclopropyl)alanine (287), so-
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(E)-285 286

Fig.8. The structures of (E)-dispirocyclopropanated bicyclopropylidene (E)-285 and “super-
superbicyclopropylidene” 286 in the crystals [159]

called hypoglycine A [160], and 1-amino-2-methylenecyclopropane-1-carboxy-
lic acid (methylene-ACC) (288) [161], both show a strong hypoglycemic effect
(Fig. 9). The enantioselective syntheses of individual stereoisomers of hypogly-
cine A (287) have been reported [160].

Since the more highly strained bicyclopropylidene (1) and methylenespiro-
pentane (6), both spirocyclopropanated analogs of methylenecyclopropane (2),
are even more reactive than the latter, it is to be expected that analogs of the
amino acids 287 and 288 containing a bicyclopropylidenyl or a methylenespiro-
pentyl moiety would also exhibit biological activities. In fact, the preparations of
the amino acids 289 and 290 as well as of the methylenespiropentane amino
acid 295 have been reported in the meantime (Scheme 65) [55].

Yet another interesting idea concerns a possible novel synthetic approach to
analogs of the unusual natural products FR-900848 296 and U-106305 297
(Fig.10) [162].

The key problem in the preparation of 296, 297 undoubtedly is the stereo-
selective assembly of the chains of four to five contiguous cyclopropyl groups.
The strategies of all total syntheses known so far rely on auxiliary-directed ste-
reoselective cyclopropanations of double bonds [1114a, 163, 164]. The chemistry
of bicyclopropylidene (1), namely its capability to be functionalized (Schemes 8,
9), dimerized (Scheme 15), and stereoselectively reduced (Scheme 53) opens up
new perspectives to approach the assembly of quatercyclopropyl derivatives.

CO,H CO.H
NH, Hy*CI™ 3

CO,H
287 288 290

Fig. 9. Biologically active methylenecyclopropaneamino acids and their bicyclopropylidene
analogs [55, 160, 161]
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Scheme 65. Preparation of bicyclopropylidene and methylenespiropentane analogs 289, 290,
and 295 of biologically active amino acids with a methylenecyclopropane moiety [55]

OGN
H 0]
e
296 HO OH
H
\4\/\4\4\4\4\4\/\/\H/N\/1\
O

297

Fig. 10. Natural products FR-900848 296 and U-106305 297 containing chains of trans-con-
nected three-membered rings [162,163]
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multiple bonds and functional groups establishes composite functionalities which demon-
strate unique multiple reactivity and thereby potentially high synthetic utility. This survey
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Introduction

The cyclopropane ring can be regarded as a unique three-carbon functional
group which can undergo transformations that are more difficult or impossible
with any of the more conventional functional groups. Simple cyclopropanes are
nucleophilic, and like that of a C=C double bond, the nucleophilicity of a cyclo-
propane ring can be altered by the choice of substituents. Electron-donating
substituents tend to increase the nucleophilicity, while electron-withdrawing
substituents make the cyclopropane ring susceptible to nucleophilic attack.
Furthermore, due to its ring strain and electronic properties [1,2] the combina-
tion of the cyclopropane unit with multiple bonds and other functional groups
establishes composite functional groups [3], which demonstrate unique reac-
tivities and thereby have a wide potential as building blocks for organic synthe-
sis. In this respect, the chemistry of alkyl 2-chloro-2-cyclopropylideneacetates of
types 1-3 (Fig. 1) is of particular interest, as the a priori high reactivity of their
methylenecyclopropane units is enhanced by the electron-withdrawing substi-
tuents. The preparation and chemical transformations of methylenecyclopro-
pane itself [4a-c] and its close relative bicyclopropylidene [4d] have recently
been reviewed extensively. The two different functionalities on the methylene
group of compounds 1-3 make them oligo-functional and thereby lead to very
special chemical behavior.

The synthetic methodology based on the reactions of these highly function-
alized methylenecyclopropanes, which can be regarded as allenecarboxylate
homologues, has steadily been growing over the past ten years [5]; it thus ap-
peared timely to report the considerable progress in this field.

CO,R R
2 R2 CO,R CO,Me
>= b ="
Cl R L Cl %
1-R 2R 3-X

Fig. 1. Alkyl 2-chloro-2-cyclopropylideneacetates 1, 2 and their analogs 3
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2
The Syntheses of Alkyl 2-Chloro-2-cyclopropylideneacetates
and Their Analogs

It is well established [6-13] that tetrachlorocyclopropene (4), upon heating to
temperatures above 150°C in the presence of an alkene 6, preferentially yields
1-chloro-1-(trichloroethenyl)cyclopropanes 7 (Scheme 1) [7-11]. Apparently,
tetrachlorocyclopropene (4) [12] reversibly undergoes ring opening to form per-
chloroethenylcarbene 5, which is efficiently trapped by a large variety of alkenes
[7,13]. The yields usually range from 60 to 80%, when starting with equimolar
mixtures of 4 and 6, and can easily be raised to up to 95% with a tenfold excess of
the alkene. Numerous examples show that this is a general reaction (Scheme 1);
selected from more than 40 examples, only those compounds of type 7 are listed,
which have been converted into alkyl 2-chloro-2-cyclopropylideneacetates 2.

The cycloaddition of the carbene 5 to 6 occurs stereospecifically, i.e. with re-
tention of the alkene configuration, and diastereoselectively, i.e. the more bulky
trichloroethenyl group ends up predominantly trans to the most bulky substi-
tuent(s) on the original alkene 6 [7-10, 13]. The high efficiency with which this
vinylcarbene can be intercepted intermolecularly to give vinylcyclopropanes is
most surprising [14].

R' R*
Cl Cl R2 3 2 51
)]><C‘ 120-180 °C L _cl 6" R j>§':<c|
- - R3~%
o © { cr el } Rl ©
4 5 7
Alkene R’ R2 R3 R* T[C] t[h] Product Yield (%) [Ref ]
6a H H H H 170 20 7a 76 [7f], 84 [7e]
6b Et H H H 170 18 7b 66 [7e,10]
6c —CH,CH,— H H 120 336 7c 21 [7d], 64 [8]
6d H Me Me H 180 18 7d 78 [7d]
6e H —(CH,),~ H 150 72 7e 66 [7d], 91 [7]]
6f H Me H Me 180 18 7f 76 [7d]
6g Me Me Me H 180 14 79 88 [7d]
6h Me Me Me Me 180 12 7h 82 [7d], 96 [7e]
6i Me H H H 180 18 7i 87 [7b,10]
6j CH,OBn H H H 170 24 7j 3819,10]
6k  (CH,),0OBn H H H 170 24 7k 60 [7k], 59 [10c]
6l (CH,),OBn H H H 160 15 71 54 [11]
6m CH,OMe H H H 170 24 7m 71[10]
6n  CH,OSiMe, H H H 170 24 7n 68 [25]
60 CH,Br H H H 170 18 70 38 [10]
H H 120 168 7p 55 [71]

6p —(CHzﬂ—

Scheme 1. Preparation of 1-chloro-1-(trichloroethenyl)cyclopropanes 7 by the addition of
thermally ring-opened tetrachlorocyclopropene 5 onto alkenes 6 [7-10, 25]
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1-Chloro-1-(trichloroethenyl)cyclopropanes 7 were transformed into methyl
2-chloro-2-cyclopropylideneacetates 1-Me and 2-Me by heating with sodium
methoxide in methanol and subsequent treatment with acid [8-11, 15, 16]. This
remarkable transformation starts with an attack of methoxide anion at the ter-
minal vinylic carbon of 7, replacing the chlorine substituent on the cyclo-
propane ring in an Sy2’-type reaction, and this is followed by substitution of the
two chlorines at the newly formed terminal sp* carbon [17]. The orthoesters 8,
thus formed, can be isolated, but for better overall yields are directly hydrolyzed
under acidic conditions. Usually, the overall yields in this conversion are good to
very good, and they have been as high as 85%, even for the unsubstituted parent
1-Me (Scheme 2).

Several derivatives of type 7 have never been treated in a way to produce the
corresponding derivatives of type 2, and in a few cases as for example com-
pounds 7 with R'=Me,Si or CH,CH(OH)CHj,, R*-R*=H gave neither the ortho-
ester 8 nor the ester 2 [15b].

The approach to alkyl 2-cyclopropylideneacetates 3 (X=H) first developed by
Salaiin et al. [18a] and later improved by Spitzner et al. [18b], namely the Hor-

R? _51 ol KOH.MeOHor :51 o LewattSPS 118 (H'y , R o

}(7:<CI MeONa, MeOH :[> — CH,Cl, 20 °C R} —
R® R d o #8cerd R® 9 C(OMe); 12-24hor R*=%  COMe

HCI, MeOH R
7 8 20°C, 1h 1,2

Starting 1 R2 R3 R4 Product 8 Product 1, 2
Material Yield (%) [Ref ] IYield (%) [Ref]

7a H H H H 8a/40 [16], 60 [15] 1-Me/77 [16], 94 [15a]

7b Et H H H 8b/55 [15] 2b-Me/95 [15], 51° [10]

7c —CH,CH,— H H 8¢/76 [8] 2¢-Me/92 [8]

7d H Me Me H 8d/51[15] 2d-Me/98 [15]

7e H —(CH,)— H 8e/24 [15], 70 [7]] 2e-Me/94 [15b]

7f H Me H Me 8f/59 [15] 2f-Me/98 [15]

79 Me Me Me H 89/40 [15b} 2g-Me/74 [15b]

7h Me Me Me Me 8h/71 [15b] 2h-Me/86 [15b]

7i Me H H H  8i/80[15b], 49 [16]  2i-Me/95 [15a], 78 [15b],

52°[10]

7i CH,0Bn H H H 8j/n. r. [9,10] 2j-Me/50° [9,10]

7k (CH,),0Bn H H H 8kin. r. [7K] 2k-Me/47° [7K]

71 (CH,),0Bn H H H 8l/n. r. [11] 21-Me/50° [11]

7m CH,0OMe H H H 8k/n. r. [10] 2m-Me/50° [10]

7n  CH,OSiMe; H H H 8n/n. r. [25] 2n-Me/46° [25]

7p _(CHZ_LCL)_ H H 8p/55. [71] 2p-Me/83 [71]

7r CH,SCH, H H H 8r/n. r. [10] 2r-Me/50° [10]

7s CH,N, H H H 8s/n. r.[10] 2s-Me/52° [10]

2 | ewatit SPS 118 is a strongly acidic ion exchange resin. — ° Yield over two steps, n. r. = not reported

Scheme 2. Preparation of methyl 2-chloro-2-cyclopropylideneacetates 1-Me and 2-Me [8-11,
15, 16, 25]
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OEt Br CHg, PhCO,H Br
DX+ P =
OH Co,R  80°C,35-6h CO,R
9 10 11a R = Me (21%) [19]

11b R = Et (41%) [19]
11¢ R = Bn (29% of 80% purity) [18¢]

Scheme 3. Preparation of alkyl 2-bromo-2-cyclopropylideneacetates 11a-c by olefination of
the cyclopropanone hemiacetal 9 [18c, 19]

ner-Wadsworth-Emmons olefination of cyclopropanone hemiacetal, has also
been applied for the preparation of alkyl 2-bromo-2-cyclopropylideneace-
tates 11a—c, but in all the cases reported gave only moderate yields at best
[18¢,19] (Scheme 3).

Other esters of 2-chloro-2-cyclopropylideneacetic acid can easily be prepared
from the methyl esters 1-Me, 2-Me by transesterification with the appropriate al-
cohol component under titanium tetraisopropoxide catalysis [20], as has been
demonstrated for a number of benzyl and ethyl esters (Scheme 4) [9,10,21,22a].

Alternatively, the free acids 1-H, 2-H can be prepared by hydrolysis of 1-Me,
2-Me under standard conditions [15a, 23] or better, with ultrasonication (Fig. 2)
[11b, 19b, 24, 25], and then esterified with the appropriate alcohol applying any
of the known methods. The orthoesters 8 can also be directly hydrolyzed to 2-H
(74% yield for 2h-H) [15b]. The esterification of 1-H and 2-H (Scheme 4) has e.g.
been used to prepare tert-butyl (1-tBu, 2-tBu) [25, 26], p-substituted benzyl
(12a-d) [22b] and enantiomerically pure menthyl [1-(1’R)-Ment] [23,24] esters.

Other 2-substituted 2-cyclopropylideneacetates of type 3-X have been
prepared from methyl 2-chloro-2-cyclopropylideneacetate (1-Me) in a sequence
starting with the Michael addition of an appropriate nucleophile to 1-Me, follow-
ed by nucleophilic substitution of the chlorine in 13 to obtain 14 (Fig. 3 and

Fig. 2. The structure of 2-chloro-2-cyclopropylideneacetic acid (1-H) in the crystal [11b, c]
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R! R’
R2j=>:{C| ROH, Ti(OiPr), R2j=>:{C|
R ‘CoMe 90°C, 18-21h R=Y CoR
R* R*
1-Me, 2-Me 1-R, 2-R
Starting R! R2 R® R* R Product  Yield (%) Ref.
Material
1-Me H H H H Bn 1-Bn 73 [9]
2b-Me Et H H H Bn 2b-Bn 91 [10]
2c-Me ~CH,CHy— H H Bn 2¢-Bn 92 [21]
2e-Me H —CH,)~ H Et 2e-Et 93 [22a]
2i-Me Me H H H Bn 2i-Bn 70 [10]
2m-Me CH,;0OCH, H H H Bn 2m-Bn 73 [10]
Cl CO,Me Cl CO,H
5% NaOH, +))
20°C, 30 min Starting R Product/ ?roducﬂ
= R! Material Yield (%) Yield (%)
1-Me, 2-Me 1-H,2H  1-Me H 1-H/96 1-tBu/69
2b-Me Et 2b-H/83  2b-tBu/91
=< hso, CNyCoBu 2i-Me Me 2i-H/95  2i-Bu/95
e X 2n-Me CH,OSiMe, 2n-H/75  2n-tBu/76
20°C, 7 d
R1
1-tBu, 2-tBu
OH
o)
1) Cs,CO5, MeOH Cl_CO,H ol COZCHr@,OR
20°C, 0.5 h DEAD, PhyP, Et,0
1a-R! ————— il ieng
2)R'Cl, DMF 20°C, 48 h
40°C, 24 h 1-H 12a—d
0,
61% R Me CH,COMe CH,CO,Bu CH,CO,C,H,SMe
R'= fBquCCHzOOCHz Product 12a _ 12b 12¢ 12d
Yield (%) 63 65 56 39

Scheme 4. Preparation of various 2-chloro-2-cyclopropylideneacetic acid esters 1-R, 2-R un-
der different conditions [9,10,11b, 15,19b, 21-26]

Table 1) [7h, 19, 25, 26b, 27], and eventually S-elimination directly from 14 or
after transformation of the substituent Y on the cyclopropane ring into a better
leaving group Z.

According to this synthetic scheme, the modified 2-substituted methyl 2-cy-
clopropylideneacetates 3-SMe, 3-SPh, 3-N;, 3-OTBDPS, 3-OTBDMS and 3-F
have been prepared in 25, 40, 60, 51, 37 and 53 % overall yield, respectively. In
spite of the overall yield of 74% for the parent compound 3-H (24 1-Me) along
this route, the latter is more readily available by Wittig olefination of cyclopro-
panone hemiacetal 9 (70% yield) [9, 184, b].
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Table 1. Reaction conditions, yields and products for the conversion of methyl 2-chloro-2-cy-
clopropylideneacetate 1-Me into 2-substituted methyl 2-cyclopropylideneacetates 3-X

Starting Conditions Y (Z) X Product Yield Ref.
material (%)
1-Me A SePh - 13-SePh 96 [27]
1-Me B,24h  PhSO, - 13-SO,Ph 54 [27]
1-Me B,4h TolSO, - 13-S0,Tol 62 [27]
1-Me C Me,N - 13-NMe, 93 [19a]
13-SePh D SePh H 14-SePh, H 83 [19a]
13-SePh E SePh N, 14-SePh, N, 84 [19a]
13-SePh F SePh OH 14-SePh, OH 90 [19a]
13-SePh G,15min SePh SPh 14-SePh, SPh 97 [19a]
13-SO,Ph G,10min PhSO, SPh 14-SO,Ph, SPh 92 [27]
13-S0,Tol G,10 min TolSO, SPh 14-S0O,Tol, SPh 66 [27]
13-SO,Tol G,30 min TolSO, SMe 14-S0,Tol, SMe 62 [27]
14-SePh,OH H SePh F 14-SePh,F 87 [19a]
13-S0,Tol I TolSO, H 14-S0,Tol,H 94 [27]
13-NMe, J NMe, N, 14-NMe,, N, 73 [19a]
13-NMe, K NMe, OH 14-NMe,, OH 83 [19a]
14-NMe,,OH L,26h NMe, OTBDPS 14-NMe,, OTBDPS 90 [19a]
14-NMe,,OH L,24h NMe, OTBDMS 14-NMe,, OTBDMS 77 [19a]
14-NMe,N; M,48h  N*Me, N, 15-N*Me,, N, 85 [19a]
14-NMe,, M,4d N*Me, OTBDPS 15-N*Me;, OTBDPS 98 [19a]
OTBDPS
14-NMe,, M,48h N*Me; OTBDMS 15-N*Me;, OTBDMS 77 [19a]
OTBDMS
14-SePh,H  N,-5°C - H 3-H 93 [27]
14-SePh,SPh  N,-15°C - SPh 3-SPh 92 [19a]
14-SO,ToLH 0,20 min - H 3H 90 [27]
14-SO,Ph,SPh 0,30 min - SPh 3-SPh 81 [27]
14-SO,Tol, SPh 0,55 min - SPh 3-SPh 81 [27]
14-SO,Tol, SMe O, 15min - SMe 3-SMe 65 [27]
14-SePh,N, P - N, 3-N, 75 [19a]
15-N*Me;, R,1.5h - OTBDPS 3-OTBDPS 75 [19a]
OTBDPS
15-N*Me;,N; R,10min - OTBDMS 3-N, 80 [19a]
15-N*Me;, R,6 min - N, 3-OTBDMS 83 [19a]
OTBDMS
14-SePh, F S - F 3.F 71 [19a]

Reaction conditions: A: NaSePh, EtOH, -78 — -30°C, 3 h; B: ArSO,Na, H,0/CH,Cl,, TEBACI,
5°C; C: Me,NH, MeOH, -10°C, 10 min; D: tBuSH, tBuSNa, DMSO, 20°C, 10 min; E: NaNj,
nBu,NCI, Me,CO/CH,Cl,, 20 °C, 28 d; F: AgNO,, H,0/Me,CO, 100°C, 1 h; G: Ph(Me)SH/Ph(Me)-
SNa, DMSO, 20°C; H: Et,NSF;, CH,Cl,, 20°C, 3 h; I: Zn/Cu, THF/H,0, 20 °C, ultrasonication,
20 min; J: NaN3, Nal, DMEF, 20°C, 48 h; K: Ag,CO;, THF/H,0, 35°C, 48 h; L: tBuR,SiCl, ImH,
DMAP, DME, 20°C (R = Ph, Me); M: Mel, Me,CO, 20°C; N: m-CPBA, CHCl;, 10 min, then
Na,CO;; 0: KOH, CH,Cl,, DB-18-c-6, ultrasonication; P: H,0,, CH,Cl,, 20 °C, 7 min; R: NaOH,
TEBACI, EtOH/H,0, 20°C; §: 1) O,, CH,Cl,, - 78 °C; 2) Et;N, CHCL,, 55°C, 2 h.
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OzMe X __CO,Me X _CO,Me

1-Me 15 3-X

Cl COZMe OzMe

Fig. 3. Synthetic strategy for the preparation of 2-substituted methyl 2-cyclopropylideneace-
tates 3-X from methyl 2-chloro-2-cyclopropylideneacetate (1-Me)

3
Chemical Reactivity

3.1
Cycloadditions, Carbene Additions and Diels-Alder Reactions of Alkyl
2-Chloro-2-cyclopropylideneacetates

The principles governing the outstanding reactivity of methyl 2-chloro-2-cyclo-
propylideneacetate (1-Me), have been probed by a number of physical measure-
ments (cf. ref. [28]). However, the structural parameters of the chloro ester 1-Me
do not at all provide any explanation, as the length of the C,C-double bond is ap-
proximately the same (1.312 A) as that in methylenecyclopropane (1.316 A)
and bicyclopropylidene (1.314 A) [4d]. The *C-NMR chemical shifts for the
vinylic carbon atoms in 1-Me (114.4 and 138.7 ppm) indicate a difference which
is characteristic for the polarization in a,f-unsaturated esters. The increased
strain in the methylenecyclopropane moiety of 1-Me compared to methyl
a-chloroacrylate should influence the energy of the ground state more than that
of the transition state of any reaction involving the double bond, i.e. the activa-
tion energy of any such reaction on 1-Me should be significantly lower than that
for the same reaction on methyl a-chloroacrylate. Thus, excess strain release is
a significant factor determining the enhanced reactivity of 1-Me. Moreover, the
cyclopropane ring not only accelerates the majority of chemical transforma-
tions, but brings its own specificity: the capability of a three-membered ring
to undergo ring opening and rearrangement reactions further enriches the
chemistry of the chlorocyclopropylideneacetates 1, 2 and makes them more
versatile in comparison with simple acrylates.

Despite its high reactivity, the a-chloro ester 1-Me does not polymerize like
simple acrylates. However, in close analogy to other 1,1-disubstituted methyl-
enecyclopropanes [29], 1-Me slowly dimerizes in a head-to-head fashion even at
room temperature to give the two diastereomeric dimethyl dispiro[2.0.2.2]oc-
tanedicarboxylates (E)- and (Z)-16 (ratio 1:1) (Scheme 5), and at 120 °C the di-
merization proceeds almost quantitatively (89% isolated yield) [15]. Apparently
the dimerization of 1-Me occurs considerably more readily than that of me-
thylenecyclopropane [4a,b] and of bicyclopropylidene [4d]. Surprisingly, under
high pressure (10 kbar) this dimerization did not proceed more efficiently
(Scheme 5) [30], but more cleanly, which facilitated the separation of isomers.
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120°C,15h
sealed tube Cl CO,Me
[>=<CI 89% han CO,Me P e cl
CO,Me or 10 kbar, MeCN 7™ (o] - L Cl
100°C, 72 h CO,Me CO,Me
0y
1-Me 70% (E)-16 1:1 (216
60°C,9h SPh CO,Me
SPh sealedtube L. CO,Me o SPh
I >—( - .
CO,Me 56% <7 I™ SPh SPh
CO,Me CO,Me
3-SPh (E)-17 1.3 :1 (217
100°C, 40 h cl COMe
cl StBu sealed tube ﬂ: ..... CO,Me ol
+ _— .
CO,Me CN 35% s~ StBu NC
CN StBu
1-Me 18 19a 22 1 19b

Scheme 5. Dimerizations and other [2+2] cycloadditions of methyl 2-chloro-2-cyclopropyl-
ideneacetate (1-Me) and its phenylthio analog 3-SPh [7h, 15, 29, 30]

The (E)- and (Z)-isomers could be separated by chromatography or by low
temperature recrystallization.

The methylenecyclopropane derivative 3-SPh with its capto-dative substitu-
tion pattern has demonstrated essentially the same reaction mode and under-
went dimerization to afford a mixture of (E)- and (Z)-17 (ratio 1.3:1) upon at-
tempted cycloaddition of 3-SPh onto bicyclopropylidene [7h, 29] (Scheme 5).
The assignment of these diastereomers was secured by an X-ray crystal struc-
ture analysis of (E)- and (Z)-16 [11c, 30] as well as (E)-17 [29].

These reactions of 1-Me resemble that of (dichloromethylene)cyclopropane
[31] and “radicophilic” alkenes with a capto-dative substitution pattern [32].
Thus, it is not surprising that 1-Me reacts with a-tert-butylthioacrylonitrile
(18), yielding the two isomeric cyclobutane derivatives 19a,b (ratio 2.2:1) as a
mixture of two diastereomers each [29] (Scheme 5), and this reaction occurs
under milder conditions than the [2+2] cycloaddition of 18 onto methylene-
cyclopropane.

Reaction of the chloro ester 1-Me with the enol silyl ether 23a in the presence
of dimethylaluminum chloride afforded the [2+2] cycloadduct 20 (67 % yield)
(Scheme 6). Deprotection of the alcohol moiety with nBu,NF in THF gave an
83% vyield of a mixture of the 5-keto ester 21a and the spiropentane derivative
22 (ratio 1: 90). Upon running the reaction in a mixture of THF/water (ratio 1:1)
instead of anhydrous THF, the 5-keto ester 21a was isolated exclusively [33].

However, the analogous reactions of 1-Me with various enol silyl ethers 23 in
the presence of titanium tetrachloride at - 78 °C,led directly to the products21a-c
[264a,33] of Mukaiyama-type reactions [34] in moderate yields (Scheme 6).

The chlorine substituent in 21a,b could be exchanged with azide (NaNj,
DMF) virtually quantitatively to yield 24a,b, and subsequent reduction of the
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nBuy,NF %\/Y §COZMe
Cl OSiMe, 20°C, 10 h 0 *
MeOZCI M! . MeO,C” Cl [><$k
20 21a 2 ©
Solvent Yield (%) Ratio 21a/22
579, ’ Etgé!i'*hCHZC'z THF 83 1:90
oo THFH,O 89 1001
R!=Me, R2= H
, 2 21aR'=Me, R? = H (5%)
I>:<C| . Messlo>=\ TiCly, CHCl, %R1 21b R' = Ph, R2 = H (44%)
coMe R RZ —78°C,1h 21¢ R, R2 = —(CH,);~ (43%)
Me0,c” ~c1 ©
1-Me 23a—-c
ot NaNa DMF

%R H,S, Py, Et;N, H,0 ﬁ—_)\
60°C, 5-14 h o 0°C,1h MeO,C~ “N“ ™R

MeO,C N3 N
then 20°C, 12 h
24a R = Me (90%) 25a R = Me (75%)
24b R = Ph (100%) 25b R = Ph (87%)

Scheme 6. Reactions of methyl 2-chloro-2-cyclopropylideneacetate (1-Me) with various enol
silyl ethers 23 under different conditions [264a, 33]

azide moiety with hydrogen sulfide in pyridine/triethylamine/water [35] yield-
ed the 3,4-dihydropyrrolidines 25a and 25b in 75 and 87 % yield, respectively
[264, 33]. An even better yield of 25a (91 %, [33]) was obtained by the domino
Staudinger-Aza-Wittig reaction upon treatment of 24a with PPh; [36].

There is no published example of a cyclopropanation of the double bond in
chlorocyclopropylideneacetate 1-Me with retention of the chlorine atom. Thus,
attempted cyclopropanations under Simmons-Smith [37] or Corey [38] condi-
tions failed [25]. The treatment of the highly reactive methylenecyclopropane
derivative 1-Me with dimethoxycarbene generated by thermal decomposition of
2,2-dimethoxy-A3-1,3,4-oxadiazoline 26 (1.5 equiv. of 26, PhH, 100 °C, 24 h), gave
a complex mixture of products (Scheme 7) [39], yet the “normal” cycloadduct 28
was not detected. The formation of compounds 29-33 was rationalized via the
initially formed zwitterion 27, resulting from the Michael addition of the highly
nucleophilic dimethoxycarbene to the C,C-double bond of 1-Me. The ring clo-
sure of 27 to the “normal” product 28 is probably reversible, and 27 can re-
arrange or add a second dimethoxycarbene moiety and a molecule of acetone to
form 33.

With diazoalkanes 34, as should be expected in view of the high polarity of its
double bond, the chloro ester 1-Me demonstrated its reasonably good dipolaro-
philicity. Indeed, mixtures of the regioisomeric pyrazolines 35 and 36 were ob-
tained in good yields [26a, 33], when a solution of 1-Me was treated with any of
the diazoalkanes 34a—-e (Scheme 8).

In the case of the diazoalkane 34b, the ratio of 35/36 was observed to depend
on the reaction temperature with an increasing fraction of 35b with decreasing
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MeO om OMe MeO
Cl\[rCOZMe N)< € C6H61 100 °C s OMe OMe
A A W<0 241 [ j:COZMe
cl
MeMe Cl OMe
1-Me 26 27 28
% ¢O:Me MeO_ OMe
i CO,Me . cl .\ CO,Me .
o Cl cl <V>:<CI
CO,Me CO,Me
(E)-16 (9%) (2)-16 (10%) 29 (13%)
C(OMe),
MeO_ OMe, D<COZM€ [><C(0Me)3 o
¥ cher ¥ cHel " me 27X ome
CO,Me Co,Me co,Me “7640 -
30 (1%) 31 (11%) 32 (10%) 33 (19%)

Scheme 7. Reaction of methyl 2-chloro-2-cyclopropylideneacetate (1-Me) with dimethoxycar-
bene [39]

N R

I Et,O/xylene R? .
>= ¢ RIRCN, ——w NS . N Yoo
CO,Me R COMe CO,Me
& cl
1-Me 34a—e 35a-e 36a-e

Diazoalkkane R' R2Z  Conditions  Yield (%) Ratio 35/36

34a H H -=20°C,20h 98 >98:2
34b Ph H 0°c,6d 71 60:40
34b Ph H -18°C,6d 73 89:11
34b Ph H -78°C,6d 75 97:3
34c Me Me -20°C,6d 99 92:8
34d Ph Me -18°C,6d 75 n.r.
34e Ph Ph 20°C, 3d 64 <2:98

n. r. = not reported

Scheme 8. 1,3-Dipolar cycloaddition of diazoalkanes 34 onto methyl 2-chloro-2-cyclopropyl-
ideneacetate (1-Me) [26a, 33]
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temperature (Scheme 8) [33]. The predominance of the “abnormal” [2+ 3] cyclo-
adduct 36e [40], the structure of which was unequivocally established by X-ray
crystal structure analysis [26a], may arise from unfavorable steric interactions
between the phenyl groups and the cyclopropane ring in the transition state that
would lead to the normal product; a similar orientation had previously only been
observed for the cycloaddition of diphenyldiazomethane to acetylenic dipolaro-
philes [41]. This inverted regioselectivity in the addition of 34e to 1-Me may also
be caused by a difference in the electron distributions between 34a and 34e. The
two p-donor phenyl substituents in 34e may be expected to favor a larger contri-
bution of the N"=N*=CR, mesomeric structure to the ground state [42].
Furthermore, the chloro ester 1-Me also readily reacted with the nitrile ylide
37 at room temperature, however, the pyrrole derivative 40 was the only isolated
product (Scheme 9) [26a]. The latter was obviously formed from the primary
cycloadduct 38 by a cyclopropylcarbinyl to homoallyl rearrangement [1].

+
7—N=—Ph

Ar Ar Ph

H Ar Ar N Ph N
37 Ghyol, 20°C [><\:t — S — \ /
+ | —
41% CO,Me
! Ph CO,Me
cl MeO,C i
cl

[>:< (Ar = 4-CgH,NO,) cl

CO,Me
1-Me 38 39 40

Scheme 9. 1,3-Dipolar cycloaddition of the nitrile ylid 37 onto methyl 2-chloro-2-cyclopro-
pylideneacetate (1-Me) [26a]

Nitrones 41 readily cycloadd to methyl 2-chloro-2-cyclopropylideneacetate
(1-Me) and its spirocyclopropanated analog 2c¢c-Me to give 5-spirocyclopro-
paneisoxazolidines 42a-f in good yields (Scheme 10) [43].

In contrast to the cycloadducts of nitrones to methylenecyclopropane deriva-
tives without functional substituents (cf. [4 c,d]), the thermal rearrangements of
the chlorocyclopropylideneacetate adducts 42 strongly depend on the polarity
of the solvent as well as the nature of the substituents R!-R? and they take com-
pletely different modes. Thus, only reversible isomerization on the C* center of
the isoxazolidine ring was observed for isoxazolidinotetrahydroisoquinoline
42b by heating in toluene (110°C, 3 h). However, at 150 °C in xylene compounds
42a,b underwent complete reorganization into dehydroisoquinolines 45 and
their cyclic amides 44 [43], presumably by nucleophilic attack of chloride ion
with ring opening of the doubly activated cyclopropane intermediate 43 as a key
step [44] (Scheme 11). When the thermal rearrangement was carried out in
DMSO, a completely different reaction mode of isoxazolidines 42a-d was ob-
served. Whereas the isomerization of 42a,b proceeded only at 150 °C and led to
considerable decomposition of the starting material and low yields of the ben-
zoquinolizinones 47a,b, a fast and clean reorganization of compounds 42¢,d
occurred at 100 °C to give the hexahydroindolizin-5-ones 47 c,d in 83 and 73 %
yield, respectively (Scheme 11).
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R! R? R® n Conditions Product  Yield of 42 (%)
0-CH,CH,CH,~ H 0 CH,Cl,, 38°C, 2h 42a 91
0-CH,CH,CeH,~ H 1 CH,Cl,, 38°C, 2h 42b 93

—(CHy)s— H 0 CH,Cl,, 25°C, 60 h 42c 65

—(CH,)5— H 1 CH,Cl,, 25°C, 60 h 42d 582

Me H Ph 0 toluene, 60°C, 36 h  42e° 70°

Me H Ph 1 toluene, 60°C, 5h 42f 68

a Compound 46d (12%) was also formed. —® Plus its diastereomer (13% yield).

Scheme 10. 1,3-Dipolar cycloadditions of nitrones 41 onto methyl 2-chloro-2-cyclopropyl-
ideneacetates (1-Me, 2c-Me) [43]

The mechanism of this reaction is still not clear, but the key steps are prob-
ably a cyclopropylcarbinyl to cyclobutyl ring enlargement [45] with subsequent
ring enlargement of the cyclobutane derivative 46. In fact, such cyclobutane de-
rivatives 46 ¢,d could easily be prepared in 86 and 94% yield, respectively, by
stirring dichloromethane solutions of 42¢,d in the presence of Al,O; at 20°C,
and 46 ¢, d quantitatively isomerized into 47 c,d upon heating in DMSO at 100 °C
for 2 h.

The isoxazolidines 42e,f only gave the cyclobutane derivatives of type 46
upon thermal rearrangement (isolated in 82 % yield both after heating in DMSO
at 100°C for 7 and 2 h, respectively), and 46e, f appeared to be inert to further
thermal transformations.

Not only are the cyclopropylideneacetates 1-3 exceptional dipolarophiles,
they also readily undergo [4+2] cycloadditions. The Diels-Alder reactivity of
1-3is also enhanced by the additional strain in the double bond and the cyclo-
propane ring, any cycloaddition across the double bond leads to strain release in
the ring as well. In many cases, the borderline between a domino Michael addi-
tion and a Diels-Alder cycloaddition is not well-defined [5c]. Surprisingly, the
oxysubstituted open-chain dienes 48b, c [28, 46], gave only poor yields of the
corresponding cycloadducts 49 (Scheme 12), and attempts to improve these
yields using Lewis acid catalysts (TiCl,, BF;, WCl) were unsuccessful [46]. How-
ever, 2,3-dimethylbutadiene 48a and a variety of vicinal dialkenylidenecyclo-
pentanes, -cyclohexanes and -heterocycles gave good to very good yields.

Good results were also obtained in the Diels-Alder reactions of methyl 2-
chloro-2-cyclopropylideneacetate (1-Me) with cycloalkadienes. Thus, 1-Me re-
acted with cyclopentadiene within 5 h at ambient temperature to give endo/exo-



162 A.de Meijere et al.

NH M
xylene C\ COMe
150°C, 3 h C& )n
—Cl
43a,b
O
N /" CO,Me
+
o o]
k n\~ClI K n\—Cl
44a n =0 (56%) 45b n = 1 (40%)

44b n =1 (16%)
R1

1
\ 0O
o) g
)

‘3 ““\) —_— R2 \
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—0-CH,CH,CeH,— 1 150°C, 3 h 47b 21
—(CHy)s— 0 100°C,5h 47c 83
—(CHy)s— 1 100°C, 3 h 47d 73

Scheme 11. Thermal rearrangements of 5-spirocyclopropaneisoxazolidines 42a-d [43]

1 1
CI\n,COZMe e /?1 t R? R S:I - R come
A . j; _neat "COMe )
RZ R2 R2
R R R®
1-Me 48a-d trans-49 cis-49
R’ R? R®  T[C] t[h Product  Yield (%) Ratio cis/trans
H Me H 20 12d 49a 79 -
OEt H Me 80 18 49b 18 0:100
0OSiMe, H Me 70 24 49¢ 12 n.r.
Me —(CHy),~ H 18 8 49d 64 3.1:1

n. r. = not reported

Scheme 12. [4+2] Cycloaddition reactions of methyl 2-chloro-2-cyclopropylideneacetate
(1-Me) with open-chain dienes 48 [46]
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/U\ CH,Cl,, 20 °C g X
X~ ~COo,Me 2~l2
2 COMe Ratio endolexo
1-Me, X =ClI 50a X = Cl (90%) 2.8:1
3-SPh, X = SPh 50b X = SPh (81%) 1.4:1
3-H X=H 50c X = H (84%) 3.211
Me 002'\/Ie MeOZC CO,Me
e MeO,C Cl Me
1- Me Me  MeOH
R~ f AT e AR
Me.SiO oluene O/ 7 o
e,Si R o} R R
51a R=H (60°C, 12 h) 52a R=H(56%) 53a 54a R = H (25%)
51b R =Me (100 °C, 2 d) 52b R=Me(n.r) 53b 54b R = Me (28%)

Scheme 13. [4+2] Cycloadditions of cyclopropylideneacetates 1-Me, 3-SPh and 3-H with cyclic
dienes [7h, 28]

50a in 90% yield (Scheme 13) [15, 28]. The a-phenylthio derivative 3-SPh (re-
action time 3 h) was similarly reactive towards cyclopentadiene, and the unsub-
stituted cyclopropylideneacetate 3-H required a significantly longer reaction
time (4 d) [7h].

But the trimethylsilyloxycyclohexadienes (51 a, b) reacted with the chloro ester
1-Me only under more drastic conditions to give in moderate yield about equal
amounts of the regioisomeric cycloadducts 52 and 53, each as a mixture of endo-
and exo-isomers (Scheme 13) [28]. Upon treatment with acid or acidic work-up of
the reaction mixture, compounds 52 and 53 were converted to the tricyclic keto
esters 54a and 54b in 25 and 28 % yield, respectively (cf. Sect. 4.4).

N-substituted pyrroles 55 entered the Diels-Alder cycloaddition with 1-Me
only under high pressure to give mixtures of endo- and exo-adducts 56 (the ra-
tio was not determined) (Scheme 14) [30].

Furan (57) which is less aromatic and thereby more reactive than pyrroles
and especially non-aromatic 6,6-dimethylfulvene (58), as one would expect,
underwent facile cycloaddition upon treatment with neat 1-Me to give the cor-
responding bicyclic cyclohexene derivatives 59 and 60 (Scheme 15) [19,46]. The

Ru,
10 kbar
-
Q ? CF “COMe  47h.70-85°C L%ZM‘%
Cl
55a R = Me 1-Me 56a R = Me (48%)
55b R = CO,fBu 56b R = CO,tBu (73%)

Scheme 14. Diels-Alder [4+2] cycloadditions of cyclopropylideneacetate 1-Me onto N-substi-
tuted pyrroles 55 [30]
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1-Me 57 45/48 Cl @) 59a 90 1.4:1
1-Me 58 64/21 Cl C=CMe, 60a 66 1.3:1
3-H 57 60/4 d H o] 59b 60 4.31
3-H 58 64/66 H C=CMe, 60b 49 1.8:1
3-Br 57 60/85 Br O 59¢ 43 1:1
3-Br 58 64/12 Br C=CMe, 60c 86 1.2
3-F 57 45/2d F o 59d 72 0.5:1
3-F 58 45/36d F C=CMe, 60d 85 0.5:1
3-N; 57 22/75% N O 59 16 1.71
3-N; 58 3210d N3  C=CMe, 60e 34 1.8:1

@ Reaction in CH,CI, solution under a pressure of 10 kbar

Voo s o o™

Cl” ~CO,Me Br” "CO,Me H™ "CO,Me F~ "CO,Me ~CO,Me CO,Me
Keffuran] 16 16 4 3 1 0
kelfulvene] 230 210 10 9 1 0

Scheme 15. Diels-Alder reactions of cyclopropylideneacetates 1-Me, 3-X with furan (57) and
6,6-dimethylfulvene (58) and relative reaction rates compared with methyl acrylate and me-
thyl crotonate [19, 46]

other 2-substituted cyclopropylideneacetates of type 3-X also entered this
cycloaddition (Scheme 15) [19]. The endo/exo selectivity is low but usually still
higher than that of simple acrylic acid esters. The relative Diels-Alder reactivi-
ties of dienophiles 1-Me and 3-X as determined by competition experiments
(Scheme 15) suggest a mechanism involving either diradicals or zwitterions as
intermediates [19]. Surprisingly, the 2-fluoro derivative 3-F is less reactive than
the parent compound 3-H. The 2-chloro and 2-bromo derivatives 1-Me and 3-Br
have similar reactivities and cycloadd to furan (57) about 16 times faster than
methyl acrylate.

Unsymmetrically 2,5-disubstituted furan derivatives 61 reacted with 1-Me in
good to very good yields, but gave mixtures of regioisomers and diastereomers
endo/ex0-62, endo/exo0-63,the bicyclic acetals 62 c—d showed a distinct tendency
to be cleaved upon chromatographic separation. Dimethylfuran 61b, sur-
prisingly, is less reactive towards 1-Me than furan (57) which is probably due to
steric reasons (Scheme 16) [46].

The reasonably good regioselectivities observed in the [2+4] cycloadditions
of 1-Me onto unsymmetrically disubstituted furans 61d, e can be utilized in a
new synthetic approach to the cytotoxic sesquiterpenes illudin M 64a [47] and



Alkyl 2-Chloro-2-cyclopropylideneacetates — Remarkably Versatile Building Blocks for Organic Synthesis 165

R1

R' cl
neat -
2 s K et 'a CoMe
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’
CO,Me
+
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RZ
exo-62
Furan R R? T [°CY Yield Product Ratio
61 t [h] (%) endo-62 exo-62 endo-63 exo0-63
a Me H 20/100 76 1.5 1 - -
b Me Me 60/12 72 2 1 - -
c OMe H 20/32 95 1.2 1 - -
d OSiMe, Me 20/140 81 8 2 1 05
e OMe Me  20/120 78 10 3 1 0.3

Scheme 16. Diels-Alder reactions of methyl 2-chloro-2-cyclopropylideneacetate (1-Me) with
substituted furans 61 [46]

structurally related ptaquilosin 65 [48]. A possible synthetic strategy for 64a
[19b, 46] would rely on the [2+4] cycloaddition of 1-Me to appropriately substi-
tuted furan 61 to produce 62, 63 as precursors to the bicyclic cyclohexenone de-
rivative 66, which contains all the required functionalities of the six-membered
ring in 64a (Scheme 17). The five-membered ring would be attached at the stage
of the initial Diels-Alder adducts 62, 63 or after modification of its functionali-
ties before opening the bicyclic acetal moiety, i.e. via 68 or an analog, or after
hydrolysis of the acetal and modification of the functionalities, i.e. via the cy-
clohexenone 69 or an analog.

The Diels-Alder reaction of 1-Me with 2-methoxy-5-methylfuran (61e) yield-
ed the cycloadduct endo-62e as the main product which could be isolated in
48% yield (Scheme 16). Its structure was proved by X-ray crystal structure ana-
lysis [19b, 46a], and endo-62e was converted in three simple steps into the ace-
tal protected tertiary ketoalcohol 71 (Scheme 18) [19b, 46]. A Pauson-Khand re-
action [49] was envisaged as the second key step to annelate the five-membered
ring to progress towards the target molecule. This cobalt-mediated cyclopente-
none annelation can be brought about both with the spiroepoxide 70 and with
the tertiary alcohol 71.In each case, two regioisomers resulted from the reaction
with propyne. In the case of 70, the isomer 72, with its carbonyl group at the cor-
rect position in the five-membered ring for the target molecule, predominated
by a factor of 4.4 to 1. To prove the stereo- and regiochemical assignments, an X-
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Scheme 17. Retrosynthetic analysis of (+)-illudin M (64a) [19, 46]

ray structure analysis of 72 was carried out [19b, 46a]. The Pauson-Khand ad-
duct 73 from 71 was obtained in better yields, but without any predominance of
one of the two possible regioisomers. Compound 72, which can be prepared
from methoxymethylfuran (61e) and 1-Me in four steps with an overall yield of
18% has all the structural features of illudin M (64a) and has all the necessary
functionalities for further elaboration.

Another useful synthetic application of a Diels-Alder adduct of the chloro
ester 1-Me is the facile preparation of the spirocyclopropanated analog 75 of so-
called “naked sugar” 76 [50] (Scheme 19) [30]. The transformation of the adduct
endo-59a of 1-Me onto furan (57) into a-chloroamide 74 followed by fragmen-
tation of the latter under basic conditions allowed to prepare the versatile build-
ing block 75 in 71 % overall yield. Starting from isomer exo-59a, the yields were
82 and 52 % for the first and the second step, respectively. The analogous trans-
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o 1) LiBH,, E4LO .
@ wCOMe  0°C 7h w0 RedAl®, THF m "OH
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53% toluene 68% toluene
65°C, 3 h 65°C, 4h

64a illudin M (R = H) 72 + regioisomer (12%) 73 + regioisomer (1:1)

Scheme 18. Along the route to the total synthesis of (+)-illudin M (64a) from methyl 2-chloro-
2-cyclopropylideneacetate (1-Me) [19b, 46a]

Cl sat. NH; (aq.) el
"'-'cone 3% NH,CI ONH2 KOH, DMSO_ t ‘
\V4 20°C, 2h \/ T20°C.4h

endo-59a 94% 74 75%
Boc.,L Boch sat. NH; tBuOK, Boc‘,~
PdIC, Hy NH,CI, MeOH _tBUOH _
Lbﬁ MeOH &bﬂ 20°C, 24h ébd 20 °C° 2n L@A
co,Me 99% CO,Me 15% CONH, %
56b 77 78 79

Scheme 19. Useful chemical transformations of Diels-Alder adducts endo-59a and 56D, re-
spectively, of the chloro ester 1-Me onto furan (57) and N-Boc-protected pyrrole (55b) [30]

formation of the aza-analog 56b succeeded only after hydrogenation of the
double bond in 56b to give 77, and the overall yield was significantly lower
(Scheme 19) [30].

3.2
Michael Addition Reactions Followed by Chemical Transformations of the Adducts

The 2-chloro-2-cyclopropylideneacetates 1, 2 are ultimately better Michael ac-
ceptors than any other 3,3-disubstituted acrylate. The addition of most nucleo-
philes occurs smoothly, and it is accelerated by the high strain in the starting
material which is released upon conversion of the sp- to sp?-hybridized carbon
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Fig. 4. Relative reactivities of cyclopropylideneacetates 1-3 towards thiophenolate anion com-
pared to 3,3-dimethylacrylate [5b, ¢, 15b, 27]

[51]. Thus, in a competition experiment, the chloro ester 1-Me reacted with thio-
phenolate anion 216 times faster than methyl 3,3-dimethylacrylate (Fig. 4). Part
of this enhanced reactivity is due to the a-chloro substituent in 1-Me, as the pa-
rent methyl cyclopropylideneacetate (3-H) reacts only 18 times faster than 3,3-
dimethylacrylate, while 3-SPh reacts 5160 times more rapidly [5b, ¢, 15b, 27].

The Michael additions to 1-3 of a large variety of carbon, nitrogen, oxygen,
sulfur and selenium nucleophiles, as well as hydride, followed by inter- or intra-
molecular transformations of the chlorine substituent or/and the methoxy-
carbonyl fragment, offer versatile synthetic approaches to a large variety of syn-
thetically useful and important organic molecules.

3.2.1
Monoadditions and Nucleophilic Substitution of Chlorine

The Michael additions of any nucleophile onto a cyclopropylideneacetate 2-R
with substituents on the cyclopropane ring generally occur with a high degree
of diastereoselectivity, with the nucleophile attacking from the side opposite to
the most bulky substituent on the cyclopropane ring [5]. A typical example is the
sodium trimethoxyborohydride reduction of the 2’-substituted a-chloro esters
2-1Bu to the corresponding 2’-substituted 2-chloro-2-cyclopropylacetates 80 in
comparison to the parent ester 1-tBu (Scheme 20). In all cases the cis isomer of
80 was formed predominantly [25]. But the reduction of the methyl ester 2j-Me
(R=CH,0Bn) with LiBH(sec-Bu); (L-Selectride) in THF at —-78°C which gave
the corresponding derivative 80j-Me in 42 % yield was found not to be selective
[9]. Compounds 80a-Me and 80c-Bn were also prepared by reduction of 1-Me
and 2c-Bn with NaBH, adsorbed on silica gel (Scheme 20) [9, 21].

This transformation of alkyl 2-chloro-2-cyclopropylideneacetates has been ap-
plied for the preparation of compounds of type 83 containing a cis-configurated
disubstituted cyclopropane moiety [25] with potential liquid crystalline pro-
perties [52]. In the first approach to such compounds, 2-chloro-2-cyclopropylide-
neacetic acids 2b-H, 2i-H were coupled with the linear diaryl components 81 fol-
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CI_COBu  Na[B(OMe);H] Cl__CO,Bu
THF
X '—ogz—d’ Starting R Ratio Product80/  Ratio
R —45°C, R Material E/Z  Yield (%) trans/cis
1-tBu, 2-Bu 80 1-tBu H - 80a-tBu/69 -
2b-tBu Et 1:2.1  80b-fBu/58 9:91

CI__COR NaBH,, Si0, Cl__COR  2jgy Me 1:1.6 80i-tBu/t6  5:95
iPrOH, CHCl 2n-tBu CH,OTMS 1:1.3 80n-tBu/56  2:98

/ 20°C, 1.5-24 h
n

U
1-Men=0 80a-Me n =0 (74%)
2¢-Bnn=1 80c-Bn n =1 (65%)

Scheme 20. Stereoselective addition of hydride onto tert-butyl 2-chloro-2-cyclopropylidene-
acetates 1-tBu, 2-tBu and reduction of the double bond in 1-Me, 2¢-Bn [9, 21, 25]

lowed by a stereoselective reduction of the double bond in the chlorocyclopro-
pylideneacetate moiety. This approach turned out not to be very efficient (Scheme
21), the overall yields obtained in reducing the 2’-substituted cyclopropylidene-
acetates first and then coupling the corresponding 2’-substituted 2-chloro- 2-cy-
clopropylacetic acids 84 with the biaryl derivatives 81 were significantly better.

H,),CH
Cl_CO,H __/CHnCHs M\
X or CO,(CH,),0 (CH,),CH,
+ \ / X N=
R
12 81a—c R 82
R'O
Starting g R'  Product Conditons m  n Yield
Material (%)
12b Et H 82a A 0o 7 25
12i Me H 82b A 0o 7 27
12i Me HO(CH,), 82c B 2 7 39
12i Me HO(CH,), 82d B 6 9 37
Nafp o el CO,(CHy),0 @—( :>—(CH2 )iCHs
THF
82cd —
-45°C, 2d l 83am=2,n=7(59%)
R 83bm=6,n=9 (59%)
Cl__CO,H 81a ‘©—< }08H17

84aR=H el

84!:) R =Et A 83c R =H (45%)

84i R=Me R R 83d R = Et (39%)
83e R = Me (43%)

Scheme 21. Preparation of biaryl derivatives of type 83 with potential liquid crystalline pro-
perties from 2-chloro-2-cyclopropylideneacetic acid. Conditions: A: DCC, CH,Cl,, 0°C, 5 h.
B: DEAD, Ph,P, Et,0, 20°C, 14 h [25]
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Scheme 22. Michael addition of thiols onto chlorocyclopropylideneacetates 1-Me, 2 [71,9, 15D,
22b,27]

It is not surprising that chloro esters 1, 2 readily add thiols, catalyzed by so-
dium thiolates or triethylamine, to give the corresponding 2-(1"-organylthiocy-
clopropyl)-2-chloroacetates 85, 86 (Scheme 22) [15b,22b, 27]. This reaction with
thiophenol has been used to quantify the Michael reactivity of 1-Me, 2-Me, 3-X
in comparison to simple acrylates (see above). With an excess of PhSH, the
nucleophilic substitution of the chlorine in 85a (but not in 85h) proceeded to
give the corresponding bis(phenylthio) derivative in 63% yield [15b]. Alkali
thiolates (e.g. NaSMe, NaSBn) add smoothly onto 1-Me, 2c-Me and 2p-Me at
-78°C, because at this temperature subsequent nucleophilic substitution of the
chlorine is much slower [71,9]. The Michael additions of sodium phenylselenide
and sodium arylsulfenates onto 1-Me and their synthetic utility have been dis-
cussed above (see Table 1).

Addition of methanol onto 2 sometimes even occurs spontaneously upon at-
tempted preparation of 2 [15b]. Under alkoxide catalysis, such alcohol additions
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1 2 3 B h
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1-Me Me 87b Me Bn Et;N 20 60
1-Me Me 87¢c-Me Bn Bn BnOK 24 61
1-Bn  Bn 87¢-Bn Bn Bn BnONa 18 74

n. r. = not reported
Scheme 23. Addition of alcohols onto chloro esters 1-Me and 1-Bn [9, 15b]

were accompanied with transesterification. Although benzyl alcohol can be ad-
ded without simultaneous transesterification of the methyl ester, it is easier to
combine both steps (Scheme 23) [9, 15b].

The addition of alkoxides generated from secondary alcohols (for example,
different ephedrine derivatives, [10b,c]) proceeded very slowly and not selec-
tively with yields up to 53 %. tert-Alkoxides did not add to 1-Me, 2 at all [53].

The Michael additions of various carbon nucleophiles such as cyanide [15b,
22b], anions generated from nitromethane [27], tert-butyl acetate [9], malon-
ates [27] and O’Donnell’s glycine equivalent [54], cuprates [9, 15b] or Grignard
reagents [53] under copper catalysis [55] have also been reported (Scheme 24).

The Michael adducts of nitrogen nucleophiles are among the most important
ones for organic synthesis (their synthetic applications will be discussed in the
corresponding Sections). The addition of primary amines onto 1 and 2 in me-
thanol was normally complete after a few minutes at - 10 °C and gave moderate
to good yields of the monoadducts 89 (for example, 67 % for n-butylamine and
benzylamine adducts 89a-Me and 89b-tBu [26]). But later it was found that per-
forming these additions in THF leads to better and well reproducible yields of
the adducts 89 (Scheme 25) [11b, 53, 56].

Thus obtained secondary amines 89 did not add again to a second molecule
of 1-Me, but often gave rise to side reactions either with the neighboring chlo-
romethine group or the ester function (see Sects. 4.2.2,4.2.3 and 4.4).

The addition of secondary amines in methanol proceeded very quickly even
at —10°C (see, for example, Table 1), but at ambient temperature, addition and
substitution can also occur to form products of type 90 and even of addition
with subsequent methanolysis [11b, 15b]. Therefore, these conditions have been
applied mainly for the synthesis of diamines 90 (Scheme 26) [15b]. Nevertheless,
the primary adducts 91 can also be obtained in methanol when working ca-
refully (e.g. the adduct 91b from 1-Me and diethylamine in 78 % yield; see also
Table 1).
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CN 70°C, 2h H  R=cHcomu S8 84 [220]

Scheme 24. Addition of carbon nucleophiles onto chlorocyclopropylideneacetates 1, 2 [9, 15b,
22b,27,53]

The Michael adducts of dibenzylamine onto chloro esters 1-fBu, 2i-Me,
and 2k-Me were also prepared in methanol in reasonably good yields (67, 79
and 77 %, respectively) [7k, 26b]. However, like for the addition of primary
amines, THF turned out to be the best solvent for the preparation of the Michael
monoadducts 91 of secondary amines onto chlorocyclopropylideneacetates 1, 2
(Scheme 27) [9, 11b, 21b, 22b, 53, 56, 57].

The additions of ammonia equivalents, i.e. nitrogen nucleophiles like di-
benzylamine (Scheme 27) which are essentially a protected primary amino group,
are of special synthetic interest with respect to their possible subsequent chemi-
cal transformations. Poorly nucleophilic ammonia equivalents like acetamide or
the classical phthalimide, did not add or originally gave low yields of 92a
(Scheme 28) [9], but later phthalimide was found to add to 1-Me very well under
mild conditions [53]. However, the a-chlorine in 92a could neither be substitut-
ed nor could the phthalimido group be cleaved without destroying the cy-
clopropane ring. The potassium bis(alkoxycarbonyl)amides (Boc),NK and
(Moc)(Boc)NK add to 1-Me in satisfactory yields, but the a-chlorine atom in
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R
Cl THF NH
[>=< + RNH, - {>$/Cl
CO,Me 20°C
CO,Me
1-Me 89
R Product t[h] Yield (%)
nBu 89%9a 0.25 94
Bn 89b 1 93
CH,CO,Bu 89c 3 91
4-MeOC4H,CH, 89d 05 88
cyclo-CgHy4 89e 3 59
2-Cl-CgH,4 8of 24 43°
4-O,N-CgH, 89g 53 54°

Additionally a base was used: ?Et;N, °NaH

Scheme 25. Addition of primary alkyl- and arylamines onto chlorocyclopropylideneacetate
1-Me in THF [11b, 53]

5
, R4 5 MeOH . R4 R\ ]
R3... Cl R \ 20°C Rty N—R
RZ““‘t COMs Rs/NH 16-24h  R? "“‘(>S/C02Me
R 2 R' N
R RS
1-Me 90
Starting R’ R? R® R4 RS Product " 'eld
Material (%)
1-Me H H H H —(CHy)s— 90a-Pipy 71
1-Me H H H H Et 90a-Et 56
2d-Me H Me Me H —(CH,)s— 90d-Pipy 59
2f-Me H Me H Me —(CHy)s—  90f-Pipy 51
2g-Me Me Me Me H —(CH,)s— 90g-Pipy 67
2h-Me Me Me Me Me —(CHy)s— 90h-Pipy 57
2d-Me H Me Me H Me 90d-Et 67
2h-Me Me Me Me Me Me 90h-Et 64

Scheme 26. Addition-substitution reactions of chlorocyclopropylideneacetates 1-Me, 2 with
secondary amines [15b]
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RS
:{CI R THE \N—R“
+ NH —_— 3
R1 ““‘E C02R3 RS/ 20°C R1m- E{gl/C()zR
1,2 91
R’ R? R R* RO t[n] Product Y9 Ref
(%)

H H Me Bn Bn 14 91a 98 [9]

H H Me Et Et 1 91b 80 [57]
H H Me Allyl Allyl 1 91¢ 78 [57]
H H Me —(CHyp)s— 1 91d 90 [57]
H H Me Et nBu 4 91e 88 [11b]
H H Me nPr nPr 6 91f 95 [11b]
H H Bn Et nBu 16 91g 87 [11b]
H H Bn Bn Bn 22 91th 75 [9]

H H Me Me CH(CH,OH)Bn) 8 9fi 74 [11b]
H H Me Me Bn 6  91j 94  [11b]
H H Me Bn 4-MeOC¢H,CH, 8 91k 94 [11Db]
H H 4-(CH,CO,Me)Bn Et nBu 14 9l 89 [11b]
H Et Me Et nBu 16 91m 66 [11b]
H HO(CH,), Me Et nBu 48 91n 73 [11b]
H H Me Me N3(CH,), 2 910 87 [11b]
H H Me Me Br(CH,), 6 91p  83% [11b]
H H Me Me CH,CO,Me 48 91r 65" [11b]
H H Me —CH(CO,Me)CH,CH,CH,~ 48 91s  65° [11b]
H BnOCH, Me Bn Bn 16 91t 79° [7K
H BnO(CH,), Me Bn Bn 16 91u  77° [7K]
—(CHp)p— Bn Bn Bn 22 91v 83 [210]
H H Me Me CH(Me)Ph) 24 91w 36 [53]
H H 4-(tBuO,CCH,0)Bn Bn Bn 48 91x 94 [22b]
H H 4-(fBuO,CCH,0)Bn —(CH,),~ 14 91y 82 [22b]
H H 4-(MeO)Bn Ph Me 24 91z 64 [22b]
H H 4-(MeO)Bn Bn Gly-OFEt 48 91a 56 [22b]

2 The starting amine was generated in situ from (2-bromoethyl)methylamine hydrobromide and
Et;N. - P With Et;N as a catalyst. — ¢ Reaction in MeOH.

Scheme 27. Addition reactions of secondary amines in THF onto chlorocyclopropylideneace-
tates 1-Me, 2 [7k, 9, 11b, 21b, 22b, 53, 56, 57]

92b and even in the less sterically encumbered 92¢ could not be substituted,
most probably due to steric hindrance [9].

Surprisingly though, the rather weakly nucleophilic (diphenylmethylene)
amine (DPMA-H) and its cyclopropyl analog (cyclopropylphenylmethylene)
amine (CPMA-H) 93 [8, 9, 10¢, 21b, 22b, 58-60] which can also serve as am-
monia equivalents, add to 1-R and 2-R cleanly and in most cases quantitatively
in a 1,4-fashion (Scheme 29).

Methanol proved to be the best solvent for this reaction, it proceeds signifi-
cantly more slowly in aprotic and less polar solvents requiring a basic catalyst
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; CO,Me
R
Cl / reaction cl
[>:< + KN\ —_— R
CO,Me R2 conditions /N’
R2
1-Me 92
Reaction i
Reagent - R' R?  Product Yield Ref.
Conditions (%)
KNPhth? DMF, 100°C, 4 h Phth 92a 18 [9]
DMF,0°C,1h Phth 92a 87 [53]
CH,Cl,, DB-18-c-6
KN(Boc), 20°C. 48 h Boc Boc 92b 69 [9]
CH,Cl,, DB-18-c-6
KN(Boc)(Moc) 20 °C. 96 h Boc  Moc 92¢ 64 [9]

Phth = phthaloyl

Scheme 28. Addition of ammonia equivalents onto the chloro ester 1-Me [9, 53]

R4\«Ph
:{C' PR MeOH N
+  C=NH 3
1 oo 3 / 20 °C 1 COZR
R, COR Ré R, z
1,2 93 94
Startin -
9 R R? R3 R®  t[d] Product Y€l pger
Material (%)
1Me  H H Me Ph 1 94a 98  [9.58]
1-Bn H H Bn Ph 2 9ab 86  [9]
2cMe  —(CH,),- Me Ph 4 94c 96  [8]
2¢-Bn ~(CHy), Bn Ph 4 9ad 98  [21b]
2iMe  Me H Me Ph 2 94e 66  [§]
1Me  H H Me cPr 6 94f  95(98) I[8]
1Me  H H Me 1-Me-cPr 16 94g 87(96) [8]
2iMe CH,0Bn  H Me Ph 2 9ah  68°  [10q]
2rMe CH,SMe H Me Ph 2 94i  72°  [10q]
1aR' H H  4-(tBu0,CCH,0)Bn  Ph 1 04f 64  [22b]

@ Reaction in CH,Cl,

Scheme 29. Reaction of chlorocyclopropylideneacetates 1, 2 with (diphenylmethylene)amine
(DPMA-H) and its cyclopropylsubstituted analogs (CPMA-H) 93 [8,9, 10¢, 21b, 22b, 58]
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like 1,4-diazabicyclo[2.2.2]octane (DABCO) to activate DPMA-H [58]. The
spiropentane and methylcyclopropyl derivatives 94 c—e were obtained as mixtu-
res of diastereomers in ratios of about 2.2:1. In most cases, the f~-DPMA-sub-
stituted esters 94 are obtained in a sufficiently pure form to be used without
further purification. Due to their hydrolytic sensitivity, substantial losses may
occur upon chromatography. In the absence of any solvent, water, and oxygen,
however, they are perfectly stable. They gave good results in the substitution re-
action with azide ion or alkylthiolates [58, 59]. The amino group can be easily
deprotected by hydrolysis under weakly acidic conditions (acetic acid, citric
acid, dilute hydrochloric acid) [54, 61] or by hydrogenation [9]. Moreover, these
compounds 94 are capable to undergo interesting rearrangements to give rise to
different carbo- and heterocycles (see Sect. 3.2.3).

An azido group could also be introduced by 1,4-addition of azide ion onto 1-
Me and 2d-Me in aqueous acetic acid. The corresponding azides were isolated in
56 and 62 % yield, respectively [15b].

As a potential approach towards enantiomerically pure amino acids contain-
ing a cyclopropane ring, Michael additions of enantiomerically pure chiral am-
monia equivalents 95-100 have been examined (Fig. 5).

The addition of 95 onto 2m-Me in THF at ambient temperature (89 % yield)
was not stereoselective [53]. All attempts to add the chiral cyclic benzylamine
derivative 96 and 97 onto the spirocyclopropanated chloro ester 2c-Me were un-
successful [21b]. Although it was possible to add heterocycles (S)-4-phenyloxa-
zolidine-2-one (98) and its thio analog 99 onto the chloro esters 1-Me and 2j-Me
(Scheme 30) [10b, c] and to substitute or reductively remove the chlorine atom
in the adducts 101, all attempts to deprotect the amino functions in 101 and the
products of their transformations under various conditions were unsuccessful.

A solution to this problem was found by using (4R, 55)-4,5-diphenyloxazoli-
dine-2-one (100) [63] which turned out to be a suitable chiral ammonia equi-
valent permitting to achieve good diastereoselectivities with respect to the ste-
reogenic center a to the alkoxycarbonyl group especially with 2’-substituted

Ph Ph Me. Me
HN><O
HN O \ J
Ph So Ph
95 96 97
R Ph Ph  PF
HN_ O HN_ O HN. b
hig hig hig
0 S O
98a R = Ph 99 100

98bR=H

Fig. 5. Chiral cyclic nitrogen nucleophiles 95-100 as potential ammonia equivalents
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cl R? Rz\(\o
RI-P>={ Y\ KH(10mol%), THF Nk

+ X
CO;Me HN \“/O DB-18-c—6 P&
¥ - CO,Me

Cl

1-Me, 2j-Me 98, 99 101
Michael TrC) t[h] R R? Yield  Diastereomer
Donor (%)/Ref. Ratio®

98a 20 168 H Ph 0 93 [10c] 74

98a 20 8 H Ph ] 81 [10b] 5:1

98b 20 25 H H o 81 [10¢] -

99 —78-20 8 H Ph S 81 [10b] 3:1

99 -78—20 12 BnOCH, Ph S 63 [10c] n.r.

2 With respect to the newly formed stereogenic center o to the methoxycarbonyl group;
n. r. = not reported

Scheme 30. Substituted oxazolidines 98, 99 as Michael donors in addition reactions onto
chloro esters 1-Me, 2j-Me [10b, c]

Ph
cl Ph, Ph (o
:{ /—\ KH (10 mol%), THF N —<\
R““‘P coR® T HN_O T e ©
.2 2 N DB-18-c-6 R COR’
R%C)
1-Me, 2 100 102
Starting ec) t R! R2 R® product o9 Rer
Material (%)
1-Me 78520 4d H H Me 102aMe 73  [10b]
2b-Me 0520 8h H Et Me 102b-Me 64(58) [10ac]
2b-Bn 0520 12h H Et Bn 102b-Bn 79(90) [10ac]
2c-Me -2020 3h ~(CH,)— Me 102c-Me 85(74) [21ab]
2cBn  -20520 3h ~(CHy)y— Bn 102c-Bn  91(74) [21ab]
2iMe -20520 4h H Me Me 102i-Me 73  [10ab]
2i-Bn  -78520 12h H Me Bn 102i-Bn  48(53) [10a,b]
2j-Me 20 30mn H CH,0Bn Me 102j-Me 57(59)° [10a,c]
2m-Me 20 1h H CH,0OMe Me 102m-Me 68°  [10ac]
2m-Bn -20-20 4h H CH,OMe Bn 102m-Bn 69(73) [10a.c]
2rMe 20 20min H CH,SMe Me 102r-Me 59(52)° [10ac]

2s-Me -20520 2d H  CH,N; Me 102s-Me 79(58)° [10b,c]

@ For the diastereomer ratios see text. In all cases, only two diastereomers were isolated.

- 9 Reaction was performed in THF/CH,CI, mixture.

Scheme 31. (4R,5S)-4,5-Diphenyloxazolidine-2-one (100) as a Michael donor in addition reac-
tions onto chloro esters 1-Me, 2 [10, 21, 62]
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2-chloro-2-cyclopropylideneacetates like 2j-Me (Scheme 31) [10, 21, 62]. Enan-
tiomerically pure 100 was easily prepared from commercially available (1S,2R)-
(+)-2-amino-1,2-diphenylethanol [10, 62, 63] and its adducts with Michael ac-
ceptors can readily be cleaved by catalytic hydrogenation over palladium on
charcoal. This Michael addition onto different 2’-substituted a-chloro esters 2
[64] gave the 1,4-adducts 102, not only with excellent trans-selectivities with res-
pect to the two stereogenic centers on the three-membered ring, but also quite
good diastereoselectivities with respect to the newly formed stereogenic center o
to the methoxycarbonyl group except for the parent compound 1-Me with a ratio
of 3:1 (see below). In all cases of 2’-substituted chloro esters 2-Me, only two
diastereomers (approximately 1:1 ratio in most cases) corresponding to the two
configurations at C-2’ in the racemic starting material were detected. Apparently,
the protonation of the intermediate enolate in these cases occurs with high dia-
stereoselectivity, in spite of the fact that protonation reactions are usually very
fast [65]. These two diastereomers for each of the derivatives of type 102 can be
separated by simple flash column chromatography, thus allowing the resolution
of the racemate due to the stereogenic 2’-center in the starting material.

It is noteworthy that the substituent at C-2" appears to be very important for
the diastereoselectivity at C-2. The unsubstituted methyl 2-chloro-2-cyclopro-
pylideneacetate 1-Me and the spirocyclopropanated analogs 2¢c-Me, 2¢-Bn add
the oxazolidinone 100 to form 102a-Me, 102 c-Me and 102 ¢c-Bn only with mode-
rate selectivities (diastereomer ratios were 3:1, 42:11:34:13 and 27:59:14,
respectively) [10b, 21].

As the absolute configuration of the oxazolidinone 100 introduced into the
adducts of type 102 is known, for several cases absolute configurations (com-
pounds 102b-Bn, 102¢c-Me and 102¢-Bn) were determined by X-ray crystal
structure analyses [10b, 10¢, 21a].

The second synthetically useful general transformation of any of the chloro
esters 1, 2 consists of an intra- or intermolecular nucleophilic substitution of the
chlorine atom in any of the Michael adducts. Several examples of such reactions
have been mentioned above (Table 1 and Scheme 26), and substitutions of any
specific importance (for example, with hydride or azide anion [9, 10,62]) as well
as subsequent transformations of such substitution products will be discussed
in the corresponding Sections [66].

Neighboring group participation effects appear to play a crucial role in the
nucleophilic substitution of chlorine in Michael adducts of 1-R, 2-R, 3-X. Thus,
this substitution proceeds very easily in any of the adducts formed with an
electron rich nitrogen, sulfur and oxygen Michael donor. For the adducts of
nitrogen nucleophiles, the facile substitution of the chlorine has been suggested
to occur via formation of intermediate aziridinium ions 103 [8] (Scheme 32),and
this postulate was later supported by isolation of azaspiropentane derivatives
under appropriate conditions in several reactions (see Sect. 3.2.2) [11b, 53, 56].
It is most likely that alkylthio substituents in adducts of type 85 participate in
the same way to first form spirocyclopropane-annelated thiiranium ion inter-
mediates which are subsequently opened by attack of the incoming nucleophile.

Therefore, polar solvents such as methanol play a “magic” role in that they can
stabilize ions of the type 103. In methanol, substitutions of chlorine proceeded
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R R! R’
N_RZ \ + 2 N N_RZ
A N—R u
[>$2002Me o m cI~ I>$/C02Me
C|) CO,Me Nu
91 103 104-106

Scheme 32. Possible aziridinium ion intermediate 103 in the nucleophilic substitution of chlo-
rine in Michael adducts of type 91 [8]

under mild conditions and gave high yields of the corresponding products
(Scheme 33) [11b]. For comparison, compound 104d under commonly used con-
ditions (NaNj3, H,0, Aliquat 336, 60°C [9]) was obtained in 36 % yield only [53].

Of special interest is the reaction with potassium cyanate (Scheme 34) [11b]
which turned out to be essentially a new method of chlorine substitution with a
protected ammonia equivalent.

Under conditions favoring an Syl mechanism, i.e. in the presence of silver
salts, a competition of nucleophiles was observed [11b, 26b]. Thus, the acetoxy
derivative 104h was obtained in 85% yield in the reaction of 91e with n-butyl
amine in THF in the presence of 1 equiv. of AgOAc (Scheme 33) [11b]. Incorpo-
ration of the solvent (ROH, DMF) into the product has also been detected,
sometimes as the only reaction mode.

With these results available, it was not difficult to substitute the chlorine atom
in compounds 91 with an additional equivalent of a primary or secondary amine
in methanol [11, 57] to obtain «, f-diaminoesters 106 with different amino frag-
ments (Scheme 35).

R1 R1
\ \
N—R? reagent N—R?
l>$/Cone MeOH. 20 °C I>$/COZMe
Cl Y
91 104
Start@g R’ R? Reagent Y t  Product ed
Material (%)
91e Et nBu NaN, N 4h 104a 89
91r Me CH,CO;Me NaN; N 10d 104b 56
91j Me Bn NaN; N 4d 104c 89
9w Me CH(Me)(Ph) NaN, Ny 12h 104d 86
91e Et nBu R3SH, Et;N EtS 6h 104e 91
91e Et nBu R3SH, Et;N nBuS 24 h 104f 42
91k 4-MeO-Bn Bn R3SH, Et;N EtS 10d 1049 88
91e Et nBu  R3CO,H, Et;N MeCOO 12h 104h 89
91e Et nBu R3CO,H, Et;N  CH,C(O)(CH,),COO 12 h 104i 72
91e Et nBu  n-BuNH,, AgOAc MeCO, 12h 104h 85

Scheme 33. Nucleophilic substitution of chlorine in chloroamines 91 in methanol [11b]
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R’ R’
\N—R2 KOCN \N—R2
DS/COZMe R30OH CO,Me
Cl R30,CNH
91 105
Starti i
aind o1 Rz R TPC]  t[h] Product 'eld
Material (%)
91e Et nBu Me 20 16 105a 93
91e Et nBu Et 20 20 105b 76
91e Et nBu Bn 55 10  105c 61
91j Me Bn Bn 55 10  105d 51

Scheme 34. Reaction of Michael adducts 91 with potassium cyanate in alcohols [11b]

R R
\ \
N—R? ROR*NH N—R2
DS/Cone MeOH., Et3N DS,/COZMQ
Cl 20°C R3/N\R4
91 106
Starting s R2 R3 R t  Product "®9 Ref
Material (%)

91b Et Et H Allyl 7d 106a 89 [57]
91b Et Et Allyl Allyl 3d 106b 56 [57]
91b Et Et —(CH,)s— 7d 106c 89 [57]
91b Et Et —(CH,),O(CH,),— 7d 106d 86 [57]
91c  Allyl Allyl H nPr 7d  106e 91 [57]
91c  Allyl Allyl Et Et 3d  106f 42 [57]
91c  Allyl Allyl —(CH,),0(CH,)— 3d  106g 88 [57]
91d —(CH,)s— H Allyl 7d  106h 89 [57]
91d —(CH,)s Et Et 7d  106i 72 [57]
91d —(CHy)s— —(CH,),0(CH,)— 7d  106j 77 [11b]
91e Et nBu H nBu 12h 106k 98 [11b]
91e Et nBu H nPr 6h 1061 89 [11b]
91e Et nBu H Bn 3d  106m 93 [11b]
91e Et nBu H  CH(Me)(Ph) 3d 106n 90 [11b]
91e Et nBu Me  CH,CO,Me 2d 1060 91 [11b]
91e Et nBu Me Bn 12h  106p 94 [11b]
91e Et nBu H CH(Ph)(CH,OCH,;)20h  106r 95 [11D]
91l Et nBu H nBu 2d 106s 86 [11Db]

Scheme 35. Preparation of diaminoacid derivatives 106 via nucleophilic substitution of chlo-
rine in f-amino-a-chloro esters 91 [11, 57]
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The simplicity of these transformations and high yields in both steps indi-
cate that the preparation of compounds of type 106 from 1, 2 can easily be
automated and performed as liquid phase parallel synthesis. The starting mater-
ials 1, 2 can also be put on a polymer support to obtain combinatorial libraries
of 1,’-di-, 1,1’,2'-tri-, 1,1’,2,2’-tetra-, 1,1’,2",3"-tetra-, 1,1°,2,2’,3’-penta- and
1,1,2°,2,3,3"-hexasubstituted cyclopropylacetic acid derivatives (see Sect. 6).

3.2.2
Preparation of Carbo- and Heterocycles

The high Michael acceptor reactivity of chloro esters 1, 2 opens wide possibili-
ties for the preparation of various carbo- and heterocycles with different ring
sizes and substituents. This may be achieved either by chemical transformations
of primary Michael adducts or by addition of a bidentate nucleophile onto 1 or
2. The adduct of benzylamine to the chloro ester 1-fBu (89b-fBu) in a three-step
sequence yielded the fB-lactam 107 and the isomeric iminolactone 108 in ap-
proximately equal amounts (Scheme 36) [26]. The mechanism for the formation
of 108 remains unknown; presumably it was formed from 107 via a 1,3-shift, in
fact 107 and 108 are stable in pure form, but would be equilibrating under the re-
action conditions.

An efficient synthesis of 2-[(phenylalkylmethylene)amino]cyclobutenecar-
boxylates 109, 110 from primary Michael adducts 94 has been developed
(Scheme 37) [8]. The key step of this dehydrochlorinative rearrangement is be-
lieved to be the lithium iodide-induced reorganization of the azaspiropentane
intermediate 103, in close analogy to the well documented rearrangement of
oxaspiropentanes to cyclobutanones [67].

Compounds of type 94 with substituted and spirocyclopropane-annelated
cyclopropane rings showed an increased rate of rearrangement, and the correspond-
ing dimethyl-substituted starting material 94k was never isolated, its transfor-
mation into 109k proceeded even in the absence of Lil upon attempted prepara-
tion (36 % yield). This isomerization apparently occurs regioselectively and ste-

H 1) TFA, CH,Cl, H
N—Bn 20°C, 24 h N—Bn
cl 20°C, 24 h cl
89b-{Bu 55% 89b-H
Cl
| \N+ " Et,N Bn
2 NI / O
Me N +
CH,Cl,, 20°C, 2 h al o cl N~Bn
107 (52%) 108 (45%)

Scheme 36. Preparation of f-lactam 107 and isomeric iminolactone 108 from the B-amino-
a-chloroester 89b-tBu [26]
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R4
Ph Ph Ph
R3 m iPrOH R3 X~ R4 3 - \+ 4
EtN, Lil N>{;_ A\ X N>_R
R2u\l‘ , COzMe 60-80 °C RZ““' RZ.-I%
R' ¢ R' CO,Me R' CO,Me
94 103a 103b
Ph
R Ph R® N
N
Rz""j:[[ §(4 Wj( #R‘t
—_— R + Rzmm
RS COgMe R1 COZMe
109 110
Starting Rl R RS R t[q Yieldof109  Yieidof 110
Material (%) (%)
94a H H H Ph 7 65 -
94c®  —(CHy),~ H Ph 5 20 37
94e® Me H H Ph 5 54 34
94f H H H cPr 4 20 -
949 H H H 1-Me-cPr 5 65 -
[94Kk] H Me Me Ph 2 76 -

aA 2.1:1 mixture of diastereomers. — PA 2.3:1 mixture of diastereomers

Scheme 37. Lithium iodide-promoted isomerization of Michael adducts 94 into cyclobutene-
carboxylates 109, 110 [8]

reoselectively with the more highly substituted fragment of the three-membe-
red ring migrating preferentially with the retention of its configuration [8].

As was later observed [11b, 53, 56] this rearrangement is quite general for any
Michael adduct of type 89, 91 of a primary or a secondary amine onto a chlo-
rocyclopropylideneacetate 1, 2. The nature of the amino group, elevated temper-
ature and an appropriate choice of the solvent are more important than the pre-
sence of lithium iodide. Thus, the f-amino-a-chloroester 89b slowly rearranges
to 111b even at -20°C, and the dibenzylamino derivative 91a forms the di-
benzylaminocyclobutenecarboxylate 111a in DMF almost quantitatively
(Scheme 38) [56]. Moreover, in the “magic” solvent methanol which may stabi-
lize intermediate 103 (see above), the adducts of primary amines 89 did not give
any of the corresponding cyclobutene derivative 111 or the tautomeric cy-
clobutanoneimine, but the azaspiropentanecarboxylates 113b-d instead, albeit
in low yields (4-14%, Scheme 38). This is the first experimental evidence for
the intermediacy of aziridinium ions 103 in the chemical transformations of
Michael adducts of types 89, 91, 94.

The low yields of the esters 113 may be attributed to their limited stability.
The corresponding amides 112 turned out to be more stable and could be isola-
ted after treatment of compounds 89 with a second equivalent of a primary
amine or even ammonia in moderate yields (Scheme 38).The structure of the
primary amide 112f was unequivocally proved by X-ray crystal structure analy-
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F\’1 R1 RC
\ \+ 52 Nw—p2
N~g2 N’R_ reaction R
Cl cl conditions
COzMe COZME COZMe
89, 91 103 111
R?=H Starting - g2 Reaction Yields of
R°NH,, Et;N Material Conditions  111/113 (%)
NaH, THF DMF, 80 °C
—10—20 °C 91a Bn Bn 4 95/~ [56]
8 h
DMF, 20 °C
1 1 !
N’R N/R 89b Bn H 481 51/0  [56]
Et;N, 10 kb
D& m 89b Bn o pooe ag 420 1561
NHR® COM ’ '
4 e MeOH, Et;N
89b Bn H o poc 24h 014 [56]
112 113b-d '
MeOH, Et;N
' /14 56
89 CHCOMBu  H 7 G0 % 0 156]
MeOH, Et;N
- 0/13 11b!
89d 4-MeOCH,CH, H ) ci" % [11b]
Startin i
9 R’ RS tih Product "9 Ref.
Material (%)
89a nBu nPr 65 112a 22 [11b]
89a nBu H 29 112b 16 [11b]
89b Bn Bn 48 112c 59 [56]
89b Bn 4-MeO-CgH,CH, 18 1M2d 47 [56]
89b Bn (Ph)(Me)CH 48 112 47  [56]
89b Bn H 24 112f 48 [56]
89d 4-MeO-C4H,CH, 4-MeO-CgH,CH, 3 1129 27 [56]
a (Ph)(Me)CH Bn 36 112h 36 [56]
2 (Ph)(Me)CH (Ph)(Me)CH 96  112i 27 [53]
a PhCH,CH, H 50 112j 33 [56]
a nPr H 48 112k 12 [11b]

a0ne-pot reaction without characterization of 89

Scheme 38. Two reaction pathways of f-amino-a-chloro esters 89, 91 [11b, 53, 56]

sis. On one side, compounds 112, 113 are new examples of the rare class of aza-
spiropentane derivatives [68]. On the other side, they are essentially protected
derivatives of a spirocyclopropanated analog of the aziridinecarboxylic acid
[69] which has been applied as a building block in interesting peptidomimetics.
Unfortunately, up to now all attempted deprotections have been unsuccessful,
and only a limited number of transformations have been achieved without ring
opening [11b, 53, 56].

Probably because of its conjugation with the cyclobutene moiety, the DPMA
group in the protected amino acids 109 demonstrated an increased stability
towards hydrolysis. Nevertheless, deprotection was achieved under acidic con-
ditions [oxalic acid/water in methanol/ether or aluminum trichloride/water (1:2
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MeO Et,N, Lil Et,N, Lil o
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coMe ’ 37% ci 67% 2
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Scheme 39. Ring enlargements of the Michael adduct 87a of methanol to 1-Me [8]

equiv.) in chloroform] to give the known methyl 2-oxocyclobutanecarboxylate
(114) [70] in 77 % yield [8]. Two synthetically interesting derivatives of 114 - the
dimethylacetal 115 and the enol methyl ether 116 [70] - were obtained by treat-
ment of the Michael adduct of methanol 87a onto 1-Me with Et;N in the presence
of Lil in methanol or acetonitrile, respectively (Scheme 39) [8]. It has not been
proved whether this ring enlargement occurred at the stage of a cyclopropylcar-
bene formed by a-dehydrochlorination of 87a [1, 71] or as a cyclopropylcar-
binyl to cyclobutyl cation rearrangement with subsequent trapping by methanol
to give 115 or deprotonation to yield 116.

The benefits of the cumulated functionalities in chlorocyclopropylideneace-
tates 1, 2 is demonstrated by the facile syntheses of different types of five- and
six-membered heterocyclic compounds (Fig. 6), one-pot or stepwise. The prepa-
ration of the compounds of the types E, F, J, K has been discussed above (see
Sect. 3.1).

Thus, treatment of the DPMA-H Michael adducts 94a,b with sodium azide in
DMF yielded the a-azidoesters 117 (Scheme 40) [10¢, 59]. Because of the hydro-
lytic sensitivity of the DPMA groups in the esters 117, they were immediately hy-
drolyzed with dilute hydrochloric acid, and the amino group was protected with
an alkoxycarbonyl group. The f-alkoxycarbonylamino-a-azidoesters 118 were
reduced to the a-amino esters 119 with hydrogen sulfide in pyridine [74], and
they in turn were treated with N,N-dimethylformamide dimethylacetal to give
the formamidines 120. The latter were cyclized without purification to give the
spirocyclopropanated 2-imidazolinedicarboxylates 121 upon heating in xylene
at 150°C in the presence of ammonium sulfate.

Bicyclic B-lactams of the penam type are still a very important class of anti-
biotics. But like many other antibiotics its applicability is narrowing continu-
ously due to increasing numbers of resistant strains of bacteria and a shift of
the pathogen spectrum from the gram-positive into the gram-negative range.
For this reason new analogs of the classical penams are constantly being
developed [75]. Thus, a new synthetic approach [10¢, 26, 33, 59] to azapenams
containing a nitrogen in the five-membered ring with a spirocyclopropane
linkage [76, 77] from heterocycles 25, 121 has been designed (Scheme 41).

The azapenam derivatives 122 were isolated as single diastereomers from the
irradiation of (dibenzylaminocarbene)pentacarbonylchromium [78] in the pre-
sence of imidazolines 121. The relative configuration of the new stereocenters at
C-3 and C-4 was predicted as being exo, exo from MMX calculations, and this
configuration was proven by X-ray structure analysis [59]. High stereoselec-
tivity was also observed in the analogous transformation of pyrazoline 25b, but
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Fig. 6. Different types of heterocyclic compounds prepared from chlorocyclopropylidene-
acetates 1,2

the yields were moderate or low which may well have been due to an influence
of the phenyl substituent in 25b. Compounds 25a, ¢ did not react stereoselec-
tively and gave 1:1 mixtures of both diastereomers 123 and 124 (Scheme 41)
[26,33].

Contrary to the normal Michael reaction of the chloro ester 1-Me with (di-
phenylmethylene)amine (DPMA-H) in methanol (Scheme 29), reaction of
DMPA-H with 1-Me in methylene chloride or tetrachloromethane containing
sodium hydride proceeded much more slowly and gave the isoquinoline 126 in
26 and 39% vyield, respectively (Scheme 42) [60a]. The structure of 126 was as-
certained by X-ray crystallography [60a]. Taking into consideration the stability
of the Michael adducts 94 in refluxing CCl,, the reaction mechanism with inter-
mediacy of a formal [4+2] cycloadduct 125 which may be formed in either a
concerted or, more probably, a two-step domino Michael reaction, has been
postulated [60a].
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Scheme 40. Stepwise preparation of imidazoles 121 from Michael adducts 94 of (diphenyl-
methylene)amine to 1-Me [10¢, 59]

Further transformation of the ester group in 126 was easily achieved. Thus,
126 with methylamine and 2-dimethylaminoethylamine gave the lactams 127a
and 127b. Reaction of the free acid derived from 126 with thionyl chloride
yielded the lactone 127 ¢ (Scheme 42) [7m, 60a].

Treatment of the Michael adducts 94 with a strong base such as potassium
tert-butoxide yielded the 2-azaazulenes 131 in 48-70% yield, respectively
(Scheme 43) [60].

Presumably the ester enolate 128, which is a carbenoid and easily formed upon
deprotonation of the a-chloroester 94, undergoes a-elimination to the carbene
129 [79]; either the carbenoid 128 or the carbene 129 intramolecularly cycloadds
onto the phenyl group, and the norcaradiene 130 thus formed isomerizes to 131. If
the cyclopropylcarbene 129 is really formed as an intermediate, it is noteworthy
that it does not undergo the facile rearrangement to the corresponding cyclobu-
tene (cf. Scheme 39). With lithium diisopropylamide as a base, the yield of the
azaazulene 131a was only 47 % [60a]. Although compounds 131f, g were obtained
exclusively without any by-products being detected, isolated yields were always in
the range between 48 and 58 %. It can only be speculated that the decreased yields
are due to side reactions involving the additional cyclopropyl substituent in 94f, g
or attributed to a decreased stability of the products 131f, g [60Db].
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Scheme 41. Reactions of heterocycles 25, 121 with Fischer carbene complexes as a synthetic
approach to bicyclic f-lactams 122-124 [26, 33, 59]
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Scheme 42. Preparation of isoquinoline derivative 126 and its subsequent heterocyclization
[7m, 60a]
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Scheme 43. Synthesis of the 2-azaazulenes 131 from the Michael adducts 94 of DMPA-H to
1-Me [60]

The (diphenylmethylene)aminocyclobutenecarboxylates 109 obtained by
rearrangement of the DMPA-H adducts of 1-Me, 2-Me, contain a 2-azadiene unit
and a cyclobutene moiety. Indeed, the parent compound 109a reacted with 4-
phenyl-1,2,4-triazoline-3,5-dione (PTAD, [80]) at room temperature in a [4+2]
cycloaddition mode to yield the tricyclic tetraazaundecene 132 in almost quan-
titative yield (Scheme 44) [8]. As substituted cyclobutenes, compounds 109
should be capable of opening up to the corresponding butadienes [1, 2b, 81].
When compounds 109 were subjected to flash vacuum pyrolysis, the dihydro-
isoquinolines 135 were obtained, presumably via the expected ring-opened in-
termediates 133, which subsequently underwent 6 electrocyclization followed
by a 1,5-shift, as is common for other 3-aza-1,3,5-hexatrienes [82].

A very unstable reaction by-product was detected in this reaction, and it
showed spectroscopic features in full accordance with the proposed ring-open-
ed intermediates 133, but attempted purification to get analytically pure mate-
rial was unsuccessful (Scheme 44) [8].

The presence of the additional cyclopropyl group in the azaazulenes 131f, gand
dihydroisoquinoline 135g suggested subsequent transformations of these com-
pounds by rearrangement of their cyclopropylketimine moieties. After several
unsuccessful attempts applying different conventional methods [83] the cyclopro-
pylketimine moiety in 131f, g was finally transformed by heating the hydrochlor-
ides 136f,g, formed by treatment of 131f,g with hydrogen chloride in ether,
with sodium iodide in acetonitrile at 90°C (Scheme 45) [60b]. Without further
purification, the thus formed iminium salts 137f,g were reduced with sodium
borohydride in methanol at —40 °C [84] and gave the tricyclic spirocyclopropane-
annelated tertiary amines 138f and 138g in 75 and 51 % yield, respectively, as mix-
tures of two and four diastereomers (ratios 1.3:1 for 138f and 4.7:3.2:2.9:1 for
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Scheme 44. Two reaction modes of (diphenylmethylene)aminocyclobutenes 109 [8]
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Scheme 45. Preparation of heterocycles 138, 141 via Cloke rearrangement of the cyclopropyl-
ketimine moieties in 131, 135 [60Db]

138g), respectively. The reaction pathway probably involves nucleophilic ring
opening of the exocyclic cyclopropyl substituent [44], cyclization, and an enam-
monium to iminium ion rearrangement [85]. Surprisingly, the spiroannelated
cyclopropane moiety remained unchanged, although it should be activated at least
in 137f,g by the adjacent immonium ion moiety [44a]. Essentially, this trans-
formation is an example of the well-known Cloke rearrangement [86].

Eventually, the same method was applied to the dihydroisoquinoline deriva-
tive 135g, and the hexahydropyrroloisoquinoline 141 was isolated in 78 % yield
(with a 1.8:1 ratio of cis- and trans-diastereomers) (Scheme 45) [60b].
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A short and efficient synthesis of 4-spirocyclopropane-annelated oxa- and
thiazoline-5-carboxylates 143 and 144 from chlorocyclopropylideneacetates 1, 2
and benzamides as well as benzthioamides 142-X, respectively, has been
developed (Scheme 46) [53, 72, 87]. This domino transformation involves a
Michael addition of 142-X across the double bond of 1-Me or 2-Me under basic
conditions followed by an intramolecular nucleophilic substitution of the a-
chlorine substituent.

NaH, DMF R N )
=<(;| )XJ\ Reaction \7/R
R1NE> + 2 > X
CO,Me R NH, Conditions CO,Me
1-Me, 2-Me 142-X (X=0,9S) 143, 144
Starting Conditions/ Yield

i R’ R?
Material Solvent Product (%) Ref.

x

1-Me  A/MeCN H Ph O 143 60  [72]
1-Me  A/MeCN b 4-Cl-C4H, O 143 59  [72]
1-Me  A/MeCN H 40,N-CH, O 143c 47  [72]
1-Me  A/MeCN H 2-MeO-CH, O 143d 75  [53]
1-Me  A/MeCN H 2-F-CgH, O 143e 49  [53]
1-Me  A/MeCN H 3-I-CgH, O 143f 49  [72]
1-Me  A/MeCN H 3-Me-C¢H, O 143g 58  [72]
1-Me  A/MeCN H 2-1-CgH, O 143h 72 [72]
1-Me  ADMF H 3-NC-CH, O 143i 71 [72]
1-Me  A/DMF H 3-F-CgH, O 143 75  [72]
1-Me  ADMF H 2-Br-CgH, O 143k 73 [72]
1-Me  ADMF H 2-0,N-CH, O 1431 48  [72]
1-Me  A/DMF H 2-Cl-CgH, O 143m 77  [72]
1-Me  ADMF H 3-Py O 143n 38 [72]
1-Me  A/DMF H CH(Bn)(N=CPh,) O 1430 40  [53]
2b-Me  AMeCN Et Ph O 143p 56  [72]
2b-Me  A/MeCN Et 2Me-CeH, O 143q 68  [72]
2b-Me  A/MeCN Et 2-1-CgH, O 143 55  [72]
2b-Me  A/MeCN Et 3-F-CgH, O 143s 46  [72]
1-Me  B/MeCN H Ph S 1442 87  [87]
1-Me  B/MeCN H Me S 144b 45  [87]
1-Me  B/MeCN H 4-Br-CgH, S 144c 85  [87]
2b-Me  B/MeCN Et Ph S 144d 57  [87]
2k-Me B/MeCN CH,CH,0Bn  Ph S  144e 51 [87]

Conditions: A: NaH, —10—20 °C, 12-24 h; B: NaHCOg, 80 °C, 2-5 h

Scheme 46. One-pot preparations of spirocyclopropanated oxazolines 143 and thiazolines 144
from chlorocyclopropylideneacetates 1, 2 [53, 72, 87]
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The structure of the phenyl-substituted oxazoline 143 a was verified by X-ray
crystal structure analysis. In most cases the reaction gave better yields of 143
and 144 when performed in acetonitrile than in DMF [87].

Spirocyclopropanated thiazolines 144 could also be prepared in two steps,
i.e.by first preparing Michael adducts 145 of thioamides 142 onto chloro esters
1, 2 under acidic conditions in quantitative yield and then cyclizing the adducts
145 under basic conditions (Scheme 47) [87]. However, only a couple of thiazo-
lines 144a - c were prepared in a pure form along this route, and the yields were
lower compared to those by the one-pot method (see Scheme 46). In most ca-
ses, a competition with a six-membered ring closure to give the corresponding
5,6-dihydro-1,3-thiazin-4-ones 146 was observed. The latter could not effi-
ciently be separated from the thiazolines 144. Fortunately, under the action of
titanium tetraisopropoxide this cyclization of the intermediates 145 occurred
selectively and gave the pure thiazinones 146 in good to very good yields
(Scheme 47) [87].

It should also be mentioned that unsubstituted formamide 147 under the
same conditions reacted cleanly with two equivalents of the chlorocyclopropyl-
ideneacetate 1-Me by a totally different mode yielding the bisspirocyclopropan-
ated dihydropyrroledicarboxylate 149 (Scheme 47) [53,72].

HCI, CH,Cl, r2_ NH:CI
cl )SJ\ 0-20°C, 12 h \g
R1~P>=( * 2 1009 1
co,Me R®” °NH, 00% R cl
1,2 142-S 145 COMe
R! 2
N\7/R2 NaHCOs,, MeCN Ti(iPrO);, CH,Cl, S\mR
d - 145 —
80°C, 2-5 h 0-20°C, 12h N
CO,Me cl
144a R? = Ph (71%) 16 ©
144b R? = Me (38%) :
2 - 1 2 Yield
144c R* = 4-Br-CgH, (82%) R R Product (%)
(]
H Ph 146a 71
Clw__CO,Me o NaH, DMF H 4-Br-CgH, 146b 51
2 \ﬂ/ + —_— H  4-Bu-CgH, 146¢c 73
A H7ONH,  -10-20°C.24h gy Ph 146d 52
1-Me 147 Et  4-BrCgH, 146e 84
Et  4-tBu-CgH, 146f 88
cl Cl MeO,C.  CO,Me
Me02§ EOZME VZ:SV
Na* ril Na* | 50% T
CHO CHO
148 149

Scheme 47. Different modes of reactivity of bidentate nucleophiles 142, 147 and preparation of
thiazolines 144 and thiazinones 146 [53, 72, 87]
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The two reaction modes of the Michael adducts 145 demonstrate two general
principles for the possible preparation of ordinary size heterocyclic compounds
from the chlorocyclopropylideneacetates 1, 2. Thus, either the heterocycles 153
can be formed by Michael addition of a bidentate nucleophile 150 onto the
chloro ester 1-Me and subsequent ring closure of the intermediate 151 [26] by
nucleophilic substitution of the chlorine atom at the newly formed sp* carbon
center adjacent to both the carbonyl and the cyclopropyl group (Route B in
Scheme 48). Alternatively, the intermediate 151 can cyclize by nucleophilic
attack on the ester moiety to give heterocycles of type 152 (Route A in Scheme
48) [26].

X )

o Y

cl HX base Xq / o’ o
152

\ x’>
Y

+ — HY
co,Me  HY Cl
MeO,C
1-Me 150 151 B
X,Y=NH, O, S
MeO,C
153

Scheme 48. Two reaction modes of bidentate nucleophiles with the chlorocyclopropylidene-
acetate 1-Me

The reaction mode depends mainly on the choice of the base and reaction
conditions, but route B is usually more common. Thus, tetrahydro-1,4-thiazine
derivative 157 the structure of which was proved by X-ray crystal structure ana-
lysis (Fig.7) [22b] was obtained in the reaction of the chloro ester 1-Me with 2-
aminoethanethiol (156) using K,CO; or Et;N as a base in 43 and 20% yield, re-
spectively (Scheme 49) [22b, 26]. In the latter case, the secondary amino group
in the primary tetrahydrothiazine product 157 underwent Michael addition to a
second molecule of 1-Me to give 2-[1’-(spirocyclopropanetetrahydrothiazinyl)
cyclopropyl]-2-chloroacetate 158 (14 % yield). When KOH in the presence of di-
benzo-18-crown-6 was employed, however, the seven-membered heterocycles
155 (42%) and 159 (48 %) were obtained upon reaction of 1-Me with 1,3-pro-
panedithiol and 2-aminoethanethiol, respectively (Scheme 49) [26].

3.23
Preparation of Oligocondensed Heterocycles and Peptidomimetics

The reaction of the chloro ester 1-Me with 1,2-dinucleophilic 1,2-disubstituted
benzene derivatives 161 in most cases gave the benzene-annelated six-member-
ed heterocycles 162 in moderate yield (Scheme 50) [22b,26,73]. The course of the
domino-Michael addition-cyclization is also very sensitive to the nature of the
base and the reaction conditions applied. Thus, only the primary Michael adducts
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Fig. 7. Structure of the tetrahydro-1,4-thiazine derivative 157 in the crystal [22b]
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Scheme 49. Heterocyclization of methyl 2-chloro-2-cyclopropylideneacetate (1-Me) with non-
aromatic bidentate nucleophiles 154, 156 under various conditions [22b, 26]
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Scheme 50. Heterocyclization of methyl 2-chloro-2-cyclopropylideneacetate (1-Me) with aro-
matic bidentate nucleophiles 161 under various conditions [22b, 26 a, 73]

160 were isolated when Et;N was used as a base at ambient temperature [22b].
The formation of the five-membered ring 163, without a spirocyclopropane
moiety, upon reaction of 2-aminophenol (161b) with the chloro ester 1-Me [26]
has later been questioned by an independent performing of this reaction [22b].
Transforming the primary amino groups in the aniline derivatives 161 prior to
their addition to 1-Me into a sulfonamido group or after their addition to 1-Me,
i.e. in the primary adducts 160c,d, brings some new aspects into these
heterocyclizations, since the SO,Ph fragment is capable to be eliminated under the
reaction conditions to form a C=N double bond (Scheme 51) [22b, 73]. In reality,
this sequence of transformations proceeded relatively smoothly with the primary
adducts 160c¢, d to give the benzothiazines 166, albeit in markedly differing yields
(the structure of the bromo derivative 166b, Fig. 8, was confirmed by X-ray crystal
structure analysis, [22b]). The reaction of 1-Me with the mono(phenylsulfonyl)-
phenylene-1,2-diamine 161f proceeded in a different way and was accompanied
by ring opening of the cyclopropane moiety, especially when carried out at elevat-
ed temperature [73]. The reaction mixtures obtained from the heterocyclizations
of the N-(phenylsulfonylamino)phenols 161g-i with the chloro esters 1-Me and
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Scheme 51. Heterocyclizations of 2-[1-(o-N-phenylsulfonylamino)arylthiocyclopropyl]-2-
chloroacetates 164 and domino heterocyclizations of the chlorocyclopropylideneacetates
1-Me, 1-tBu with various sulfonamides 161f-i [22b, 73]

1-tBu were also rather complex, but in several cases the desired products of type
172 were isolated in reasonably good yields (Scheme 51) [22b, 73].

Some of these heterocyclic carboxylates easily undergo desmethoxycarboxy-
lation upon heating with morpholine in DMF to yield spirocyclopropane-anne-
lated benzooxazines 173a,b (Scheme 52) [73]. The latter compounds are capa-
ble to undergo Michael additions with thiols or cyanides [88] across the imino
group to give the accordingly substituted benzodihydrooxazines 174, 175.

At last, upon the attempted nucleophilic substitution of chlorine in the
Michael adduct 160 ¢ with cyanide an interesting rearrangement was observed
which gave the 2-(1"-cyanocyclopropyl)-2-(o-aminophenylthio)acetate 176, ap-
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Fig. 8. Structure of benzothiazine 166b in the crystal [22b]

CO,Me HN TolSH, CeHe
| 80°c,10h \©:
DMF, 80 °C TorNacN
48 h AcOH, EtOH
172h X = Br 173a X = Br (82%) 20°C. 4 h 174 R = STol (71%)
172i X = | 173b X = | (98%) X = Br 175 R =CN (95%)
Cl N CN
MeO,C 1) NaNO,, H,0 [>S<002Me
sg< ) NaCN, DMSO s NcoMe _Hohocc s7N
NH, 20°C,2h NH, 2) NaOAc, 15 min N
40% 94%
160c 176 177

Scheme 52. Transformations of heterocycles 172 and preparation of benzothiadiazine 177 [22D,
73,88]

parently by an elimination-addition sequence. Subsequent diazotation of 176
and work-up with sodium acetate converted it into the benzothiadiazine deri-
vative 177 (Scheme 52) [22b]. Its structure was proved by an X-ray crystal struc-
ture analysis (Fig. 9).

One more useful synthetic application of primary Michael adducts onto 2-
chloro-2-cyclopropylideneacetates 1 is the recently reported new approach to oc-
tahydrospirocyclopropanepyrazinopyrazines 182. In the first step, the adducts
of primary amines onto 1-Me (or 1-fBu) were coupled with N-Boc- or N-Fmoc-
protected glycine derivatives and the resulting products 178, after deprotection,
cyclized under mildly basic conditions to give the spirocyclopropanehexahydro-
pyrazinones 179, 180 and hexahydrodiazepinediones 181 (Scheme 53) [89].
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Fig. 9. Structure of the benzothiadiazine derivative 177 in the crystal [22b]
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Py, 0 °C; E: TFA, CH,Cl,, 0 °C; F: aq. NaOH, dioxane; G: ag. NaHCO3, CH,Cl,, 0 °C; H:
Al,O5 basic, MeOH, 0 °C

Scheme 53. Preparation of the spirocyclopropanated hexahydropyrazinones 179, 180 and

hexahydrodiazepinediones 181 from the Michael adducts of primary amines onto 2-chloro-2-
cyclopropylideneacetates 1-Me, 1-tBu [89]
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Scheme 54. Cyclization of the spirocyclopropanated hexahydropyrazinones 179 to give
spirocyclopropaneoctahydropyrazinopyrazines 182 [89]

The hexahydropyrazinones 179 were subjected to further peptide coupling
with various N-protected amino acids, deprotection and repeated cyclization to
give bicyclic dipeptides with a spirocyclopropaneoctahydropyrazinopyrazine
skeleton of type 182 (Scheme 54). Compounds of the types 182 and 179 repre-
sent potentially useful classes of geometrically defined peptidomimetics. For ex-
ample, the skeleton of 179 has been found in the hydrolysis products of the na-
turally occurring lysomarasmine [90].

3.3
Syntheses of Naturally Occurring and Non-natural Amino Acids

Nature makes use of cyclopropyl groups, not the least as a source for the plant
hormone ethylene, since the precursor of ethylene in green plants and their
fruits is 1-aminocyclopropanecarboxylic acid (ACC) which was first isolated
from cider apples, perry pears and cowberries [91], and is oxidatively degraded
by the ethylene forming enzyme (EFE) [92]. Substituted ACC’s are generally in-
hibitors of EFE [93], and most of the other more than two dozen known natur-
ally occurring amino acids containing a cyclopropyl group as well as several of
their analogs exhibit interesting biological activities [77, 94]. No wonder that a
number of synthetically oriented groups around the world have invested a con-
siderable amount of work into the development of feasible syntheses of such
amino acids [95].

A lot of the primary Michael adducts prepared from chlorocyclopropylidene-
acetates 1, 2 as described in Sect. 4.1 can serve as convenient synthetic precur-
sors for a large variety of natural and non-natural amino acids (Fig. 10).
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Fig. 10. Different types of cyclopropyl-group containing amino acids prepared from chloro-
cyclopropylideneacetates 1, 2

Since three-membered rings have a number of chemical properties in com-
mon with C,C double bonds [51], the spiropentyl analogs of some naturally
occurring amino acids containing a methylenecyclopropane moiety [96] are
also of potential interest.

A very simple synthetic strategy towards racemic 1’-substituted 2-cyclopro-
pylglycines, including the natural products 2-(1’-methylcyclopropyl)glycine
(186b) [97] and 2-(1’-hydroxycyclopropyl)glycine (cleonin, 186f) [98] has been
elaborated. It consists of a nucleophilic substitution of chlorine with an azide
group in the primary Michael adducts of a corresponding nucleophile (methyl
anion or equivalent hydroxy group) followed by hydrolysis under basic condi-
tions and, finally, palladium-catalyzed hydrogenolytic removal of all the benzyl
protecting groups (Scheme 55).

This convenient three-step synthesis allowed amino acids 186a-e to be
prepared in overall yields ranging from 48 (186f, cleonin) to 90% (186b) [9].
Since deprotection of benzyl esters may be achieved simultaneously with hydro-
genolytic reduction of an azido group, amino acids 186c¢,f were prepared
from Michael adducts 87¢c-Bn and 94b in only two step reaction sequences
(Scheme 55).

According to essentially the same protocol, racemic 2-[2’-(hydroxymethyl)-
cyclopropyl]glycine (189) and spiropentylglycine (191) were also prepared in 31
and 25% overall yield, respectively (Scheme 56) [9, 21]. 3-Methylthio-3,4-me-
thanoproline (192) has been synthesized along an analogous route as well [20b].

Racemic f-amino acids, namely 3,3-ethano-f-alanine (193a) and its spiro-
cyclopropanated analog 193 b, have been prepared by simple one-step hydroge-
nolytic reduction and deprotection of the primary Michael adducts 94b and 94d
(Scheme 57) [9, 21b]. As methyl esters cannot be deprotected under these con-
ditions, only reductive dechlorination and debenzylation was observed for com-
pounds 91t,u (Scheme 57) [7k]. This looks promising for the construction of
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186¢ Z = NH, (37%) (69% from 184g)

186d Z = CH,CO,H (98%)

186e Z = SMe (73%)
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Scheme 55. Three-step preparation of 1’-substituted 2-cyclopropylglycines 186 from Michael

adducts onto chloro esters 1-R [9]

BnO BnO
) 2 N NaOH H,, Pd/C
NaN, _20°C, 230 MeOH
DMF 39%
MeO,C Cl 86% MeO,C N3 3°/ HO,C N,
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CO,Bn CO,Bn CO,H SMe
27" NaN,, DMF M, PdC
Cl 50°C, 42 h N MeOH CO,H
70% 20°C,3h
0,
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Scheme 56. Preparations of 2-[2’-(hydroxymethyl)cyclopropyl]glycine (189) and spiropentyl-

glycine (191) [9, 21]
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Scheme 57. Preparation of 3,3-ethano-f-alanine (193a) and its substituted analogs [7k,9,21b]

skeletons like that in the 3,4-methanoprolin derivative 192 from compounds of
type 194.

A less efficient approach to the f-amino acid 193 a included initial reductive
removal of the chlorine followed by hydrolysis of the ester and hydrogenolytic
deprotection of the amino group (Scheme 57) [9]. Although the overall yield of
193 a was only 19 %, this strategy appeared to be appropriate also for application
towards the Michael adducts of substituted 2-chloro-2-cyclopropylideneaceta-
tes 2-R (see below).

An essentially analogous set of chemical transformations allowed to prepare
enantiomerically pure amino acids of this type with substituents on the cyclo-
propane moiety. The success strongly depended on the appropriate choice of the
starting material, and the best results were obtained using Michael adducts of
chloroesters 2-R with (4R, 55)-4,5-diphenyloxazolidine-2-one (100) which turn-
ed out to be a suitable chiral ammonia equivalent permitting to achieve good
diastereoselectivities with respect to the stereogenic center a to the alkoxycar-
bonyl group (Scheme 31). The synthetic strategy shown in Scheme 55 being ap-
plied to the preparation of 2’-substituted (1"-aminocyclopropyl)glycines failed,
as the nucleophilic substitution in 102 with azide proceeded with total race-
mization and unsatisfactory yields [10b, ¢, 62]. However, reductive removal of
the chlorine with zinc/copper couple (Scheme 58) followed by electrophilic azi-
dation of the ester enolate with trisyl azide according to a protocol of Evans et
al. [99] allowed to introduce the protected a-amino group indirectly with high
diastereoselectivity for the newly formed stereogenic center at C-2 with a 2R/2S
ratio of 219:1 (the absolute configuration was wrongly depicted in the Schemes
of the original publication [62]).

For the unsubstituted compound 197a-Me the 2R/2S ratio was only 5.6:1
[10b, c], yet in this case the absolute configuration was checked by X-ray crystal
structure analysis. The a-azidoesters 197-R* were converted to the a, f-diamino
acids 198-R? as described above, i.e. by catalytic hydrogenation over palladium
on charcoal and hydrolysis of the ester group (Scheme 58) [10b, ¢, 62]. Saponifi-
cation was not necessary for the benzyl esters 197a,b,i-Bn.
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bBefore azidation, methyl ester 196a-Me was converted into the benzyl

ester 196a-Bn in 90% yield using a common procedure (Scheme 4). —
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Scheme 58. Preparation of enantiomerically pure 2’-substituted (1’-aminocyclopropyl)gly-

cines 198 from the Michael adducts 102 of (4R, 5S)-4,5-diphenyloxazolidine-2-one (100) onto
chlorocyclopropylideneacetates 2-R [10b, ¢, 62]

The absolute configurations of amino acids 198a (the racemic counterpart
was designated 186c) and 198i on the basis of X-ray crystal structure analysis
data of the a-azido esters 197a-Me and 197i-Bn were (R) and (S,S,S), respec-
tively.

Besides the large number of a-amino acids found in nature, f-amino acids
are gaining an ever increasing attention [100]. f-Amino acids are e.g. found in
the side chain of the cancerostatic taxol [101] as well as the new antibiotics
sperabillin and TAN 1057 A/B [102]. The simple deprotection of 2’-substituted
cyclopropylacetic acid derivatives 196-R? by hydrogenolysis (and hydrolysis for
the methyl esters 196b,1,j, m-Me) yielded enantiomerically pure 2-(1’-amino-
cyclopropyl)acetic acids (Scheme 59) [10].

The absolute configuration was determined only for the ethyl- and the me-
thyl-substituted derivatives 200b,i as being (S,S) by X-ray crystal structure
analysis of their precursors 102b,i-Bn [10b, c]

The a-azidoesters 197-Me are not only precursors for a, f-diamino acids 198
but could also be used to prepare 2’-substituted aminocyclopropanecarboxylic
acid (ACC) derivatives 203 [10b, ¢, 62] (Scheme 60). Upon treatment with fresh-
ly prepared lithium methoxide in THF and subsequent hydrolysis (HCI), the a-
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Scheme 59. Preparation of enantiomerically pure 2-(1"-aminocyclopropyl)acetic acids 200 by
deprotection of 2’-substituted cyclopropylacetic acid derivatives 196 [10]

azido ester 197-Me yielded the corresponding a-keto esters and further the free
a-keto acids 201 by treatment with LiOH [103]. Oxidative decarboxylation of the
a-keto acids 201 was achieved with lithium hydroxide/hydrogen peroxide in
THF/water to give the ACC derivatives 202, which were also deprotected by ca-
talytic hydrogenation using 109% palladium on charcoal, to afford 2-substituted
1-aminocyclopropanecarboxylic acids 203.

Using this approach, the naturally occurring amino acids coronamic acid
203 b, the optical antipode of norcoronamic acid 2031 and the non-naturally oc-
curring, but biologically active 1-amino-2-(hydroxymethyl)cyclopropanecar-
boxylic acid (203j) [77, 93j-m] have been prepared [10b,c, 62], and the ACC
(206) itself was synthesized by an analogous approach as well (Scheme 60)
[10c]. The question, whether (E)-methanophenylalanine (203, R! = Ph), 2,3-
methanomethionine (203, R! = CH,SMe) and oligomethylated ACC’s [77] may
be prepared along this route, remains to be checked.

Starting from the Michael adducts of (4R,5S)-4,5-diphenyloxazolidine-2-one
(100) onto chlorospiropentylideneacetates 2¢ (102¢-Bn and 102c-Me) and jug-
gling with the set of transformation discussed above, the spiropentane amino-
carboxylic acids 207, 208 and 213 were also prepared either in racemic (208) or
enantiomerically pure (207, 213) forms, the absolute configurations of which
were determined on the basis of X-ray crystal structure analysis of the precursor
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Scheme 60. Preparation of ACC (206) and its substituted enantiomerically pure analogs 203
[10b, ¢, 62]

102 ¢ of the same absolute configuration or its antipode (Scheme 61) [21]. The
two diastereomers of the amino acid 208 were (R)-configurated at the stereogenic
center of the spiropentane moiety and (R/S) at C-2. The precursor 102 ¢ with (§)-
configuration at the spiropentyl center could not be reduced under the employed
conditions to give the correspondingly configurated amino acid ester 209, which
constitutes a certain limitation of this approach. While the hydrochloride of 213
appeared to be rather stable, the free acid 213 when left in an aqueous solution at
room temperature slowly isomerized with loss of its optical activity to form the
new l-amino-2-methylenecyclobutanecarboxylic acid 214 in racemic form.

34
MIRC and MIMIRC Reactions Leading to Spiropentanes, Tricyclo[3.2.1.0>7]octanes
and Other Tricyclic Skeletons

The Michael addition followed by Intramolecular Ring Closure (MIRC) reac-
tions have been recognized as a general synthetic approach to carbocyclic three-
membered ring derivatives [1]. The enhanced Michael reactivity of methyl 2-
chloro-2-cyclopropylideneacetate (1-Me) towards thiolates, alkoxides, lithiated
amides and cyclohexadienolates (see below) allows one to perform highly effi-
cient assemblies of spiropentane, tricyclo[3.2.1.0%”]octane, bicyclo[2.2.2]octane
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Scheme 61. Preparation of racemic (208) and enantiomerically pure (207, 213) spiropentane
aminocarboxylic acids from the Michael adducts 102 of (4R,5S)-4,5-diphenyloxazolidine-2-
one (100) onto chlorospiropentylideneacetates 2¢ [21]

and bicyclo[3.2.1]octane skeletons exploiting this MIRC mechanism [7h, ], 10c,
21a, 53, 104-108]. The typical MIRC reactions were observed in Michael addi-
tions of carbon nucleophiles containing acidic protons [109].In the transforma-
tions of 1-Me discussed here, the intramolecular nucleophilic substitution of
chlorine by the newly formed carbon-nucleophilic center led to the formation of
a second cyclopropane ring to yield spiropentane derivatives 215 and 216 as
single diastereomers (the structure of 215 has been verified by X-ray crystal
structure analysis) (Scheme 62) [104].

Albeit the yields were only low to moderate, these results are of principal im-
portance, as they indicate the possibility of a rather general stereoselective syn-
thetic approach to oligosubstituted spiropentanes (corresponding to the smal-
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Scheme 62. Two MIRC reactions of methyl 2-chloro-2-cyclopropylideneacetate (1-Me) [104]

lest members of the triangulane family [110]) which are not available along any
other synthetic routes.

Under strictly aprotic conditions, the enolate formed upon Michael addition
of a nucleophile to the chloro ester 1-Me, cannot be protonated and will therefore
add to another molecule of the chloro ester 1-Me to give an adduct which can
close a three-membered ring by intramolecular nucleophilic substitution. In
analogy to the known abbreviation MIRC, such a sequence of transformations
is called a Michael Michael Addition Ring Closure (MIMIRC) reaction [107].
Thus, under aprotic conditions, two equivalents of the a-chloro acrylate com-
pound 1-Me react with one equivalent of a Michael addend to form spiropentane
derivatives. Incidentally, when methyl 2-chloro-2-cyclopropylideneacetate (1-
Me) was treated with half an equivalent of lithium benzylamide (217a) gener-
ated from benzylamine and butyllithium, the unique 3-chlorospiropentanecar-
boxylate with an annelated spirocyclopropane-N-benzyl-y-butyrolactam 218
was isolated [21a, 53]. The sequence of events leading to the spiropentane
moiety (Scheme 63) apparently starts with a Michael addition of 217a to 1-Me
leading to the a-chloro enolate 220 which adds again to a molecule of 1-Me to
give the new a-chloro enolate intermediate 221.

y-Chlorine elimination from the latter produces a spiropentane derivative
222 in which the benzylamino substituent apparently attacks the appropriately
placed methoxycarbonyl substituent in the y-position to form a y-lactam. This
N-benzyl-3-aza-4-oxobicyclo[3.1.0]hexane-1-carboxylate 218 which also has a
B-amino acid amide feature, was formed as a single product in 41% yield. Most
probably, the other diastereomer of the intermediate 222 is also formed in the
domino Michael-Michael-y-elimination, but subsequently reacts intermolec-
ularly to produce oligomeric amides. The structure of 218 was unequivocally
established by an X-ray crystal structure analysis [21a, 53].

With sodium methoxide in THE, 1-Me reacts analogously, but the sequence
stops at the MIMIRC stage corresponding to 222, i.e. the dimethyl 1-chloro-2-
(I"-methoxycyclopropyl)spiropentane-trans-1,2-dicarboxylate (219).

In contrast to the behavior of unsubstituted formamide (147) towards 1-Me
(Scheme 47), its N-(phenylethyl)substituted analog 223 reacted with the chloro
ester 1-Me in the MIMIRC mode [10¢] to give the spiropentane derivative 224 in
45% yield (Scheme 63).

Upon treatment of the spirocyclopropanated analog of the chloro esters 1-Me,
the 2-chloro-2-spiropentylideneacetate 2c-Me, with sodium thiophenolate in
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THF OMe
__.a N ~78-520°C
+ R-X-[Mef] ————
COMe 14h MeO,C* Y,
, o “coMe
217a R = Bn, X = NH, [Met] = Li
1-Me 217b R = Me, X = O, [Met] = Na 218 (41%) 219 (54%)
l XR = NHBn\ T XR = OMe
XR XR
2 T N S
—CO,Me CrTN MeO,C* Y,
d ? MeO,C )—CO,Me * JcoMe
cl
220 221 222
Me
KH, THF Ph§<NCHO
Ph. _Me DB-18-c-6
cl
‘ S, + _—
2 CO,Me }\I/H 20°C, 7 d
OHC 45% MeO,C .
o "coMe
1-Me 223 224

Scheme 63. The formation of spiropentane derivatives 218, 219, 224 via MIMIRC reactions of
methyl 2-chloro-2-cyclopropylideneacetate (1-Me) [10c, 214a, 53]

anhydrous THF (Scheme 64) a reasonable yield (30%) of the spiropentyldi-
spiro[2.0.2.1]heptanedicarboxylate 225b was obtained as a single diastereomer
with (18*,2R*,1’R*) configuration (according to X-ray crystal structure analysis
[71]). While a 45% yield was obtained from the reaction of 1-Me with sodium
thiophenolate (Scheme 64) [22¢], no MIMIRC product at all could be isolated
from the reaction mixture of the chlorodispiroheptylidene acetate 2p-Me: the
normal Michael adduct of thiophenolate was obtained in high yield in this case
(93 %, Scheme 22).

MIMIRC reactions of an enone moiety generated in the first Michael addition
were particularly efficient for the chloro ester 1-Me. Thus, lithium cyclohexadi-

E_Clsph Ci/~ SPh
cl PhSNa, THF
\: n-1"7 -78°C,05-4h  \\An )n E
COZMe E
1-Me n=1 E = CO,Me 225a n =1 (45%) 225b
2c-Men=2 225b n =2 (30%)
2p-Men=3 no MIMIRC product isolated

Scheme 64. MIMIRC reactions of the a-chloro acrylate 1-Me and its spirocyclopropanated
analogs 2 c-Me and 2 p-Me with sodium thiophenolate [7h,],22¢]
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enolates 226, generated from the corresponding cyclohexenones and LDA [111],
smoothly added to 2-chloro-2-cyclopropylideneacetate 1-Me to give spirocyclo-
propanated tricyclic y-keto esters 231 [28,104b-107] in good to excellent yields
(Scheme 65).

With lithium (S)-methoxymethylpyrrolidinide as a base, the tricyclic esters
231a and 231e were obtained in 32 and 85% yield with an enantiomeric excess
of 30 and 22 %, respectively [104Db].

Mechanistically, the formation of the tricyclic y-keto esters 231 can be rationa-
lized in three different ways. Most probably, an intermolecular Michael addition of
226 to 1-Me, followed by an intramolecular Michael addition in the enolate-enone
227 leads to 228 with an enolate moiety and a chlorine leaving group in the y-po-
sition; intramolecular nucleophilic substitution then gives 231 (MIMIRC mecha-
nism, see Scheme 65). The first two steps in this sequence would be reversible, the
ring closure (y-elimination) in 228, which can only occur with the exo-chloroeno-
late shown, makes the overall transformation irreversible. The intermediate 228
could be also formed in an endo-selective [2+4] cycloaddition between 226 and
1-Me. A third possibility would be that the a-chloroenolate intermediate, which is
a carbenoid, would a-eliminate a chloride ion to yield carbene 229, which would
subsequently intramolecularly cycloadd onto the double bond of the enone
moiety. When R' = H, Me as in 2314, b, reductive cleavage of the C'-C” bond (e.g.
with lithium in liquid NH;) can produce bicyclo[2.2.2]octane derivatives 230. The
2-benzyloxy derivative 231g, after reductive removal of the benzyl group by cata-
lytic hydrogenation, undergoes a retro-aldol reaction opening the C2-~C” bond to
quantitatively give the bicyclo[3.2.1]octanedione derivative 232. The same reac-
tion occurs when any of the tricyclic y-keto esters 231 with an oxygen substituent
at the bridgehead position, was treated with an acid (i.e. aqueous HCI, CF;COOH,
p-TsOH), affording quantitatively the dioxobicyclo[3.2.1]octanecarboxylates 232.

The very good yields of especially the bridgehead alkoxy derivatives 231 and
the excellent regioselectivity with which they can be transformed to other ske-
letons plus the fact that a spirocyclopropane moiety is a mimic of and can in fact
be considered as a “masked” gem-dimethyl substituent [28, 112] makes these
products versatile precursors of certain natural products. In fact, one may con-
ceive new approaches to the total syntheses of taxol [113-115] and of mediter-
raneol [116]. Both strategies rely on the MIMIRC reaction of lithium cycloalka-
dienolates [117] with the a-chloro acrylate 1-Me to produce a tricyclic precur-
sor to the appropriate bicyclo[n.2.1]alkanedione derivative, which are key
structural units of several diterpenes and their metabolites.

In spite of the fact that the only a-protons with respect to the carbonyl group
in the tricyclic y-keto esters 231 are at bridgehead positions and thus no real
enolates can be formed [118], compounds 231 with R! = OR could easily and
selectively be deprotonated at C-7, and the resulting lithium derivative then
substituted with various electrophiles (Scheme 66).

Thus alkylation and silylation of 2311 could be brought about with methyl
iodide and chlorotrimethylsilane in 61 and 66% yield, respectively [108]. In
these tricyclic keto esters 231, the carbonyl group at C-6 exerts its usual electron
withdrawing effect and thereby increases the kinetic acidity of the adjacent cy-
clopropylic proton. Equally important, however, is the effect of the alkoxy group
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o | Cl _CO,Me
R¢ Cl THE R R’ L
R P D= e
R! CO,Me —78-20 C
R® g2'R2 O
226 \\[ 442] 1-Me
(o) CO,Me
H, or acid R?
R'=OR R 2
R R3 R4 0O
232
R' R2  R® R*  Product Yield Ref.
(%)
H H H H 231a 34 [107]
Me H H H 231b 68 [28]
H Me H H 231c 52 [28]
Me H Me H 231d 75 [28]
MeO H H H 231e 59 [106]
EtO H H H 231f 60 [108]
BnO H H H 231g 92 [28]
TMSO H H H 231h 32 [28]
MeO H Me H 231i 83 [108]
EtO H Me H 231j 58 [108]
iPro H Me H 231k 71 [108]
nBuO H Me H 2311 72 [108]
Allyl-O H Me H 231m 66 [108]
MeO H H Me 231n 82 [108]
nBuO H Me  Allyl 2310 61 [108]
H a H H 231p 58 [104b]
H b H H 231r 55 [104b]

aNCO,Me fragment instead of CR?,. — °"NCO,Bn fragment instead of CR?,.

Scheme 65. MIMIRC reactions of lithium cyclohexadienolates 226 to methyl 2-chloro-2-cyclo-
propylideneacetate (1-Me) [28,104b, 106-108]
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CO,Me CO,Me
OR® OR3 R3O CO,Me
i LDA, THF EIX g Hold:
ey ~78->20°C IS 20°C, 12 h N El
231 233 234
Stamr.\g Electrophile R' R? El Product e
Material (%)
231i Mel H Me Me 233ia 61
231i Me,SiCl H Me Me;Si 233ib 66
231f (PhS), H H PhS 234fa 13
231n (PhS), Me H PhS 234na 73
231i (PhS), H Me PhS 234ia 69
231i PhCOCI H Me PhCO 234ib 46
231i 4-MeOC4H,COCI H Me 4-MeOCgH,CO 234ic 43
231i  2,4-(MeO),CHCOCl H  Me 24-(MeO),CeHsCO  234id 65
231i  2,5{Me0),CeH,COCI H  Me 2,5-(MeO),CH,CO  234ie 35

R3 = Me except 231f, 234fa (R = Et)

Scheme 66. Deprotonation of the tricyclic y-keto esters 231 followed by trapping with an elec-
trophile [108]

on the cyclopropane ring, as it can stabilize the lithiated species by chelation
[119]. However, LDA deprotonation of 231, followed by quenching with diphenyl
disulfide or aroyl chloride and acidic workup gave moderate to good yields of
endo-7-phenylthio- 234fa, 234 na, 234ia and endo-7-aroylbicyclo[3.2.1]oct-2-en-
6-one derivatives 234ib-ie. Presumably the C2-C’ cyclopropyl bond in the
highly substituted tricyclic product breaks so easily that it opens up even under
the aqueous work-up conditions at ambient temperature. The assignment of the
endo-configuration for 234 was confirmed by X-ray analysis of 234ia [108]. LDA
deprotonation of the tricyclic y-keto ester 2311, followed by quenching with an
aldehyde, afforded the expected aldol products 235 with good yields and diaste-
reoselectivities (Scheme 67).

In all cases the reactions proceeded smoothly at —-78 °C and the alcohols 235
with an (R)-configuration at the newly formed stereogenic center were the ma-
jor diastereomers in all cases. When the reaction mixtures were allowed to reach
room temperature, mixtures of the alcohols 235 and the lactones 236 were isolat-
ed instead. The lactones 236 were exclusively obtained when the corresponding
alcohols 235 were treated with potassium fert-butoxide. On the other hand,
treatment of the alcohols 235 with dilute hydrochloric acid afforded mixtures of
the alkenes 237 and the tetracyclic compound 238, the structure of which was
confirmed by X-ray analysis.

Organolithium compounds add to the tricyclic y-keto ester 231 from the exo
side to give the endo-alcohols 239 in moderate to excellent yields (Scheme 68)
[108]. Treatment of the alcohols 239 with concentrated hydrochloric acid afford-
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CO,Me
,OMe 1) LDA, THF
2) RCHO
Me
-78->20°C
Me O
231i
1 dil. HCI, CH,Cl,
CO,Me
o) CO,Me MeQ_ f?
+
Me R Me
Me O Me (6]
237 238
Aldehyde RCHO Product Conversion Yield Diastereomer
R rodue (%) %)  (1-RN-S)
cHex 235a 75 58 86:14
2-Furyl 235b 92 67 87:13
Ph 235¢ 80 64 90:10
2-Me-CgH, 235d 88 71 95:5
3-Me-CgH, 235e 92 71 90:10
2-MeO-CgH, 235f 82 64 93:7
3-MeO-CgH,4 235¢g 92 72 96:4
4-Me-CgH, 235h 93 81 96:4
4-MeO-CgH, 235i 92 73 93:7
4-NO,-CgH, 235j 93 64 96:4
2,5-(Me0),-CgH,4 235k 87 58 86:14

Scheme 67. Additions of the lithiated tricyclic y-keto ester 2311 to aldehydes and subsequent
transformations of the products [108]

CcO,Me CO,Me
,OMe ,OMe o) CO,Me
R2 RLi, THF R? RS HCI conc., CH,Cl,
] ~78-520°C f 20°C, 0.5-7 h &1
R2 R R2R OH R? R®
231 239 240
o. Me Staring _, _, _s VYieldof Yieldof Yieldof
X o X\ coMe . R R R
Me 2 Material 239 (%) 240 (%) 241 (%)
CH,Clyfacetone g (0] 231i H Me Ph 66 86 98
N = 1
20°C, 13 h RZR Ls 231n Me H Me 95 71 92
241

Scheme 68. Transformations of the tricyclic y-keto esters 231 [108]



212 A.de Meijere et al.

1) LDA, THF CO,Me
-78 °C, 45 min
)n -4 cl
(@] 2) D=< ( n-5
CO,Me 0O
1-Me
242 —78-520 °C 243a n =5 (40%)
12h 231a n =6 (34%)

243bn =7 (78%)

Scheme 69. MIMIRC reactions of cyclic dienolates of different ring size with the chloro ester
1-Me [104b, 107]

ed the bicyclo[3.2.1]oct-6-en-2-one derivatives 240, in contrast to expectations
based on literature precedence [117]. As could be anticipated, epoxidation of the
bicyclooctenones 240 with dimethyldioxirane gave the exo-epoxides 241 in ex-
cellent yields. However, treatment of 240 with m-chloroperbenzoic acid, even
under buffered conditions, led to complete decomposition.

Cycloalkadienolates with other than six-membered ring sizes reacted with
the chloro ester 1-Me in the same manner (Scheme 69) [104b, 107], and the yields
of the resulting unsubstituted tricyclic esters 243a,b were even better than that
of 231a from the unsubstituted cyclohexadienolate [107].

The Wittig olefination of the tricyclic y-oxo ester 231f affords the 6-methyl-
ene tricycle 244. Treatment of the latter with diluted hydrochloric acid results in
the formation of the 6-methyl-2-oxobicyclo[3.2.1]oct-6-ene derivative 240f in
94% yield (Scheme 70) [106, 108]. This transformation may be realized also in a
one-pot procedure giving compound 240n in 70% yield (Scheme 70) [104b].
The overall yield in the step-by-step preparation of this compound, as shown in
Schemes 65 and 68, was only 55% starting from the chloro ester 1-Me.

CO,Me CO,Me
JLOEt CH,=PPh, JOEt o) CO,Me
THF dil. HCI, CH,Cl,
—-10-0°C, 1 h \ 20°C, 12 h
0 81% CH, 94% Me
231f 244 240f
0] o
1) LDA, THF, =70 °C cO.Me
Me 2)1-Me, 20°C, 12 h Q 2
Ot 3) CH,=PPh,, 20°C, 24h  (
n .
4)HCI (1:1) Me o
245an=1 240n n=1 (70%)
245bn=2 246 n=2(55%)

Scheme 70. Step-by-step and one pot preparation of the enones 240f,n and 246 via Wittig
olefination [104b, 106, 108]
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As the frames of this review do not allow the coverage of the rich and attrac-
tive chemistry of polycycles like 231, 243 exhaustively, the original publications
[104b-108] may be recommended for the first-hand acquaintance. The last
achievement in this field was a recently reported preparation of the dione 232a
and the enone 240f from methyl 2-chloro-2-cyclopropylideneacetate 1-Me in 79
and 58% yield, respectively, performed on polymer support [120].

3.5
Miscellaneous

So-called domino or cascade reactions have become more and more important
for the efficient synthesis of complex organic molecules [121]. In this respect
methyl 2-chloro-2-cyclopropylideneacetate (1-Me) has been used as a dieno-
phile to trap cyclic dienes which were produced by intramolecular Heck reac-
tions in Diels-Alder cycloadditions. Thus, the spirocyclopropanated function-
alized bicyclo[4.3.0]nonenes 248, 250 (Fig. 11) were obtained from the bromo-
diene 247 or enynes 249 in 56-83 % yield (Scheme 71) [122, 123].

The application of this synthetic approach to bromodialkenyl amines 251 re-
sults in a novel one-pot synthesis of tetrahydroisoindolines 252 (Scheme 72) [124].

Methyl 2-bromo-2-cyclopropylideneacetate (11a) has never been tested in
these reactions, but has been used as a starting material for the stepwise con-
struction of 1,6-heptadienes with methylenecyclopropane units for intramolec-
ular Heck reactions. Thus, bromo ester 11a, after reduction, subsequent conver-
sion of the resulting alcohol to the bromide and coupling with enolates of
substituted malonates, was transformed into dienes of the type 254 (Scheme 73)
- versatile synthetic blocks for the preparation of functionally substituted
spirocyclopropanated bicyclo[4.3.0]nonenes 255a-d by a domino Heck-Diels-
Alder reaction [122a].

More examples of palladium-catalyzed reactions applied to compounds pre-
pared from the chloroester 1-Me are shown in Scheme 74.

Pd(OAc),, PPh,
E 7 \V4 Ag,CO; MeCN  E
Br + JL Cl
E E Cl 90 °C, 45 min E
83% E
247 1-Me
/ Pd(OAC),
Me X bbeda, CgHg Me
+ _— -
Me =— E7 ¢l 70°C, 48 h Me
HO OR
249a R = TBDMS 1-Me E =CO,Me 250a R = TBDMS (58%)
249b R = {BuCO 250b R = tBuCO (56%)

Scheme 71. The application of methyl 2-chloro-2-cyclopropylideneacetate (1-Me) in domino
Heck-Diels-Alder chemistry [122, 123]



Fig. 11. Structure of the spirocyclopropanated bicyclo[4.3.0]nonene derivative 250b in the
crystal [123]

/ V Pd(OAc),, PPh;
Ag,CO3, MeCN !
R—N Br + J\ 9 T8 Starting R Product Yield
E- N 85°C,24-36h Material (%)
41-68%

251 1-Me E = CO,Me 251a CHO  252a 55
251b MeCO 252b 68

251¢c Boc  252¢ 43

R—N cl 251d Ts 252d 44

252

Scheme 72, Methyl 2-chloro-2-cyclopropylideneacetate (1-Me) in a Heck-Diels-Alder reaction
of bromodialkenyl amines 251 [124]

= R'
1) DIBAH, CH,Cl, 2\ "

\/ —655-20°C, 2 h R
J\ THF, 0525 °C 4 R
Br~ ~g  2) PPhg*Bry CHC, Br Br 0= 5 E

0°C,2h r
0,
11a 2% 253 254a R' = H (87%)
E = CO,Me 254b R" R' = ~(CH,),— (63%)
Pd(OAc),, PPh, 3 . ) 3 Yield
Ag,CO; MeCN  E R R"(R',R") R R®  Product )
R? E 2
- R R H COMe  H 255a 86
R? H CO,Me H  255b 86
90°C, 45 min 255a~d H COBu H  255c 68

—(CH,),~ CO,Et CO,Et 255d 30

Scheme 73. Intramolecular Heck reaction of the dienes 254 prepared from methyl 2-bromo-2-
cyclopropylideneacetate (11a) [122]
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N
CO,Me

g R
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NZ . FOMe e N ove
) N\ 0
80°C, 24 h
CO,Me Co,Me N/ o)
CO.,M
143h 256 (25%) 257 (56%) K\\ 2Me

K,CO3, nBuyNBr

o \ | CO,Me

N Pd(OAc),, DMF N
+ ”\ —_— +
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0" Br COMe 259 20 0°
N | CO,Me  259a 86 0
[ CHO 259b 89 0
[ C(OMe  259¢ 72 0
Y& [ CN 259d 63 24
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| OEt 259f 45 15

2In the presence of nBu;N/PPh,, the three-membered ring in 260 underwent
ring opening to the propene fragment [73]
b8—35% of different products were also formed

Scheme 74. Palladium-catalyzed further transformations of heterocycles prepared from me-
thyl 2-chloro-2-cyclopropylideneacetate (1-Me) [53, 73]

In an attempt to perform a Heck coupling of the iodophenyloxazoline 143h
with methyl acrylate, the bis(phenyloxazolinecarboxylate) 257 was isolated as
the main product along with 25% of the target product 256 [53]. On the other
hand, Heck couplings of the halobenzoxazines 172h,1i, particularly the iodo de-
rivative 1721, with a number of alkenes 258 went well and gave the correspond-
ing products 259 in good to very good yields. In a few cases (Y =CN, OEt), the
(Z)-isomers 260 were isolated along with the (E)-isomers (Scheme 74) [73].

Upon heating at 500°C or irradiation of a solution in acetonitrile with a low
pressure mercury lamp, the chloro ester 1-Me underwent a well-known [4]
methylenecyclopropane-to-methylenecyclopropane rearrangement to give the
interesting methylenecyclopropane derivative 261 along with an unidentified
ring-enlarged product, presumably 3-chlorodihydrofuranone derivative 262
(Scheme 75) [7 m].
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Reaction Yield of Yield of

reaction Cl Me Conditions 261(%)  262(%)
conditions [><CO M * I;O Pyrolysis at 13 ,
¢l "coMe 7 2 g 500 °C
MeCN, hv
10 8
1-Me 261 262 (254 nm)

Scheme 75. Thermal and photochemical rearrangements of methyl 2-chloro-2-cyclopropyl-
ideneacetate (1-Me) [7m)]

Two remarkable intramolecular reorganizations of the Diels-Alder adducts of
methyl 2-chloro-2-cyclopropylideneacetate (1-Me) onto furans should be men-
tioned here. In a reaction of 1-Me with 2,5-bis(trimethylsilyl)furan (263) the
unstable adduct 264 underwent a spontaneous deprotection followed by ring
opening to give the dioxospiro[2.5]octene derivative 265 (Scheme 76) [7 m]. The
Pauson-Khand reaction of the transformed Diels-Alder adducts 70, 71 of 1-Me
have been discussed above (Scheme 18), however, when the compounds endo,-
exo0-62e were treated under Pauson-Khand conditions, but at higher tempera-
ture, the interesting Co,(CO)s-promoted stereoselective rearrangement, in the
presence as well as in the absence of an alkyne component, has been observed.
The cis- and trans-substituted 6-methylenespiro[2.4]hexanes 266 were isolated
as main products in these reactions (Scheme 76) [19b].

SiMe3 Me3Si cl (e} cl
0,
S 2oc m CoMe | — CO,Me
= Cl”>Cco,Me 424 \/ 89%
SiMes Me,Si (o)
263 1-Me 264 265
MeO
R1 COZ(CO)S M902C
,.,,, R2 toluene
v 80°C,25h
Me
exo-62e R'=CO,Me, R?=Cl trans-266 R' = CO,Me, R? = Cl (41%)
endo-62e R'=Cl, R? = CO,Me cis-266  R'=Cl, R?> = CO,Me (63%)

Scheme 76. Skeletal transformations of the Diels-Alder adducts 62 e, 264 of methyl 2-chloro-2-
cyclopropylideneacetate (1-Me) [7m, 19b]
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4
Combinatorial Approaches to Libraries of Compounds
Using Polymer-bound 2-Chloro-2-cyclopropylideneacetates

The construction of small molecule libraries by combinatorial chemistry car-
ried out with polyfunctional reactive building blocks on a polymer support as a
convenient way of rapidly generating a large number of related compounds has
become a favorite methodology in the area of drug discovery [125]. Whereas
peptide synthesis on polymer support has been comprehensively elaborated so
that it may even be called routine synthetic methodology, many traditional
chemical transformations still require further development before they can find
general application in combinatorial chemistry both on a polymeric support or
in solution [126]. One of the most important conditions for a synthetic sequence
to be applicable in a combinatorial approach is an almost quantitative or at least
very high yield in every step. In this respect the alkyl 2-chloro-2-cyclopropyl-
ideneacetates are predestined to be applied for the construction of small mole-
cule libraries, since several types of their reactions have been demonstrated to
proceed with very high yields, and there is ample reason to do so, since many
cyclopropane-containing molecules exhibit various biological activities [77].

There are three straightforward possibilities of binding a chlorocyclopropyl-
ideneacetate molecule onto a polymer resin (Fig. 12): a) binding using an ester
functionality as in 267, b) binding by a functionality in a substituent on the
three-membered ring as in 268 and c) binding by way of a Michael addition of
a polymer-bound nucleophile onto the chloro esters 1, 2 as in 269.

Exploiting the known reactivities of chlorocyclopropylideneacetates 1-3, the
synthesis of a compound library from polymer-bound chlorocyclopropylidene-
acetic acid 1-H has been realized in a sequence of transformations as shown in
Scheme 77 [127], following attachment of the acid 1-H to a resin (A), a Michael
addition of nucleophile (B), nucleophilic substitution of the chlorine (C), modi-
fication of one of the substituents (D) and cleavage of the substrate to polymer
bond (E).

Since the polymer resin should be resistant to basic conditions as applied for
steps B-D and, on the other hand, permit to cleave off the final product under
mild conditions, the acid 1-H was bound to the acid sensitive resin TentaGel S
AC 275 - a crosslinked polyethyleneglycol resin — which fulfilled all the require-
ments, using a Mitsunobu reaction [128] (Scheme 78).

CO,Me
WCl | (

WCl > N, Cl
[ —Nco,Mm
,/C 2 e .r.ﬂ\/ \é

)

267 268 269

Fig. 12. Three possibilities to bind the cyclopropylideneacetate building block to polymer
support
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Cl__CO,H A Cl__COX-Linker-Spacer4) B Cl._ COX-Linker-Spacer4) cC

X <= X X=0,8, NH < Q\ENL”

1-H 270 27
Nu®__COX-Linker-Spacer-@) p COX-Linker-Spacer@)  E COXH
d\iNu1 S Nu' < Nu'

272

Scheme 77. Synthetic sequence to obtain a combinatorial library of cyclopropane derivatives
from 2-chloro-2-cyclopropylideneacetic acid 1-H [11b, 127]

Ph,;P, DEAD
Cl_CO,H 3CH ol Cl_ _COO-TG-S-AC
2v12
X + TG-S-AC X
20°C, 30N
0,
1-H 275 100% 276

Scheme 78. Attachment of chlorocyclopropylideneacetic acid (1-H) to TentaGel S AC resin 275
[11b,127]

The preparation of combinatorial libraries from the tentagel-bound chloro
ester 276 was performed according to the generally accepted methodology
(Scheme 79).

As synthetic steps, the Michael additions of nitrogen nucleophiles were fol-
lowed by nucleophilic substitutions of the chlorine atom with a primary amine
and, finally, alkylations of the then secondary amino group with various alkyl
bromides were performed just as previously developed for the chloro ester 1-Me
in solution (see, e.g. Schemes 25, 27, 36 etc.). With differently substituted pyra-
zoles as Michael addends, different primary amines and alkyl bromides, combi-
natorial libraries consisting of 8, 24 and 84 compounds were thus successfully
prepared in ca. 60 % yield and proved by the LC-MS technique to contain all the
individual compounds in about equal amounts (Scheme 80) [127].

According to essentially the same protocol, a bundle of cyclopropylidenepi-
peridine derivatives 278 consisting of 6 individual compounds was prepared as
well [127].

To examine the second way of binding the chloro ester 1-Me to a polymer as
in 268 (Fig. 12), the TentaGel-S-COOH resin 279 which contains a succinyl linker,
was esterified with the 2’-(4-hydroxybutyl)-substituted chloro ester 280 (prepar-
ed by debenzylation of compound 21-Me) (Scheme 81) [11b]. Only the Michael
addition of secondary amines onto 281 and the removal of the adducts 283 from
the resin has been probed so far, any further transformations of polymer-bound
compounds 281 need yet to be developed.

Another variant of a polymer-bound methyl 2’-(4-hydroxybutyl)-2-chloro-
2-cyclopropylideneacetate 280 was prepared using a Merrifield resin containing
a hydroxyethyl end group with a hydroxymethyldihydropyranyl (DHP) linker 284
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D} E} F | coupling with D, E, F, ... (m)
AD AE AF
BD BE BF
CD CE CF

“ea 4" recombining
! cleavage

274 (n x m compounds)

Scheme 79. The split and combine method of preparing a combinatorial small molecule
library

(Scheme 81) [11b]. Using the same type of resin 284, the third approach as in 269
(Fig. 12) in which the binding to the polymer is achieved by help of an ethanol-
amino linker that adds to the 2-chloro-2-cyclopropylideneacetate (1-Me) in the first
step of the reaction sequence has also recently been realized (Scheme 81) [11b].

5
Conclusion

In conclusion, the chemistry presented here illustrates the broad synthetic ap-
plicability of methyl 1-chloro-1-cyclopropylideneacetate (1-Me) and its deriva-
tives. The remarkably efficient method for the syntheses of such compounds
presented here, can undoubtedly be applied to generate a large variety of simi-
lar methylenecyclopropane derivatives with different substituents. Such chloro
esters demonstrate unique reactivities and thereby have a wide potential as
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building blocks for organic synthesis. Their chemical versatility illustrated
above allows to conclude that further progress in this chemistry can and will be
achieved towards the preparation of the naturally occurring and biologically ac-
tive derivatives, especially applying them as the polyfunctional reactive building
blocks in the modern strategy of preparations on a polymer support.
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