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Substituted on the same carbon by an electron donating group and an adjacent multiple bond, cyclo-
propanes provide building blocks of unprecedented synthetic potential. They are readily available
along different routes involving: cyclopropanone hemiacetals, oxaspiropentanes, alkylidenecyclo-
propanes, l-heterosubstituted lithiocyclopropanes, a-enone silyl enol ethers, 1,3-dichloroacetone
and 1-hydroxycyclopropylcarbonyl derivatives as main sources.

First of all, they undergo acid-induced C; — C, ring expansion to four-membered rings, in particular
to the 2-vinylcyclobutanone system, which is an efficient precursor of Cs, C4 and Cg homologous rings
by subsequent acid- and base-induced, thermal, or photolytic ring enlargements. On the other hand,
they undergo thermal C; — C; ring expansion providing cyclopentanone enol ethers or derivatives
with high chemo-, regio- and stereoselectivity.
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The usefulness of these ring enlargements has been illustrated by the total synthesis of some natural
products with four- (grandisol), five- (a-cuparenone, prostanoid, jasmanoid, methylenomycin B,
spirovetivane, aphidicolin, dicranenone), six- (B-selinene, compactin) and eight-membered rings
(poitediol). Regioselective o or o’ monomethylation of a-enones is based on the base-induced ring
opening of trimethylsiloxycyclopropanes whereas, stereoselective alkylation can be obtained by the
base-induced ring opening of cyclobutanones (grandisol, deoxypodocarpate). Finally, these attractive
building blocks provide a convenient key to enter the field of the homoenolate chemistry.
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1 Introduction

Although cyclopropane derivatives have been known for more than 100 years V),
is was not until about 1960 that the exploration of the cyclopropane chemistry really
began. In fact the utility of such building blocks for organic synthesis has been recog-
nized only in the recent years.

The chemical reactivity of a cyclopropane ring, closely resembles that of an olefinic
double bond: both groups interact with neighbouring n-electron systems and p-
electron centers, add acids, halogens and ozone, undergo catalytic hydrogenation
and cycloaddition, form metal complexes, etc.?). More specifically, the three-
membered ring can undergo ring openings induced by solvolysis, bases, electrophiles,
nucleophiles, metals as well as thermally and photolytically ). With an adjacent electron
deficient center, the cyclopropane ring readily ring enlarges to four-membered ring
derivatives ). Substituted by a vinylic moiety it undergoes C; — C; ring enlargement
to five-membered ring derivatives, a process which provides an efficient three-carbon
annelation method *%. The cyclopropane ring undergoes interconversions with
related cyclobutane and open-chain derivatives >, but it is also produced in high
yields in a ring contraction of four-membered cyclic systems bearing both electron
donating and leaving groups, in a vicinal arrangement ¥,

Like that of most other functional groups, the reactivity of the cyclopropane moiety
can be strongly influenced by the substituents on the ring. Thus, for instance, specific
reactivity originates from combinations of a three-membered ring with an adjacent
multiple bond. Furthermore, cyclopropanes with multiply bonded groups and an
electron donating substituent on the same carbon exhibit unexpected and unprecedent-
ed synthetic utility. This review summarizes the preparation of such building blocks
and exemplifies their use in organic synthesis.

2 Preparation of 1-Donor Substituted Ethynylcyclopropanes

2.1 From Cyclopropane Hemiacetal

Cyclopropanone chemistry has received considerable attention in recent years ®;
nevertheless, the chemistry of this unusually reactive class of ketones has previously
found limited use in synthesis mainly because of the difficulties encountered in the
preparation and handling of such strained systems. However, the discovery of deri-
vatives capable of delivering the parent three-membered ring ketone or equivalent
species in situ, has brought the development of cyclopropanone chemistry a decisive
step forward. Among them, the cyclopropanone hemiacetal 3, which is now readily
available 7, became a substrate of choice in a number of useful chemical transforma-
tions including the formation of cyclopropanols, methylenecyclopropanes, cyclo-
butanones, B-lactames, y-butyrolactones, cyclopentanones, pyrroline derivatives,
etc. . Previously prepared by the tedious and quite hazardous addition of diazo-
methane to ketene in the presence of one equivalent of methanol ® or ethanol !9,
the cyclopropanone hemiacetal can now be obtained readily in high yield by simple
methanolysis of 1-ethoxy-1-(trimethylsiloxy)cyclopropane 2, the product of the

4
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acyloin-type cyclization of commercial ethyl 3-chloropropanoate / by sodium in
refluxing ether in the presence of chlorotrimethylsilane, Eq. (1) 7.

0SiMe, OH
2Na, CiSiMes cHyoH
CICH,CH,CO0Et e ™ 89% O
OEt OEt
1 3

Another access to I-alkoxy-1-siloxycyclopropanes 5, precursors of substituted
cyclopropanone hemiacetals 6, was developed with the addition of carbenes, generated
from alkylidene iodides and diethylzinc, to the trimethylsilyl enol ethers of carboxylic
esters 4, Eq. (2) 'V,

Ry .
Ry 0SiMe, Re K 0SiMe, Re % om
CH,1, MeQH
ZnEty (2)

Ry OCH3 OCH3 OCH4
4 5 6

Similarly, the addition of the Simmons-Smith reagent (CH,I, + Cu-Zn couple) to
1-ethoxyvinylacetate (or benzoate) provided 1-ethoxycyclopropylacetate, which upon
reaction with methanol or ethanol yielded 3 or the corresponding methyl hemiacetal *%,

The chemical properties of cyclopropanone hemiacetals have been reviewed ®.
Besides oxidative cleavage with low oxidation potential metals (Cu", Fe', Cel, ..)
or with molecular oxygen and peroxides, these hemiacetals underwent acid and base
induced ring openings. Furthermore, they were subject to nucleophilic attack by
various reagents providing an efficient pathway to 1-substituted cyclopropanols.
Therefore, the ethyl hemiacetal of cyclopropanone 3 now constitutes a convenient
and storable source of the parent ketone 7, on the basis of the equilibrium shown in

Eq. (3) 112,
—_— |>=o + EtOH 3)
OEt

3 7

OH

However, owing to this formal equilibrium, two equivalents of the acetylenic Grig-
nard reagents 8, were required to obtain the propargylic cyclopropanols 9, Eq. (4) 1% 1),

THF, 4

3 + 2RC=CMgX ———» ==—R + RC==CH
OH
8 21-86% 9
R = H™!, oEt* @
CH; ,CgHs , pCH3CgH, , pCH30CgH, , D—-
CH,==CH'"!

On the other hand, the cyclopropanone hemiacetal 3 did not react with nucleophilic
lithium reagents such as lithium cyanide %, ethynyllithium '® or aryllithium !,
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This difficulty was overcome by first treating 3 with an equimolar amount of methyl-
magnesium iodide, to convert it into a species, most likely the magnesium derivative
10, which did react with various organolithium reagents to give the expected 1-sub-
stituted cyclopropanols /1, Eq. (5) 167

OMgl OH

3+ CHyMgl —— l>< e D< ()

OEt R
10 11

For instance, the trimethylsilylbutadiynyl lithium derivative 12, resulting from the
selective monodesilylation of bis-silylbutadiyne !®, when treated with the magnesium
salt ]0 provided good yields of the 1-(trimethylsilylbutadiynyl) cyclopropanol /3,
which was successfully used as a prostaglandin precursor, (vide infra, Sect. 5.5.2.1)

Eq. (6) .
10 + Me;Sic==C—C==CLi —67—/—»{>'——=“——:—:—— SiMe; (6)
OH 13

12

2.2 From Tetrachlorocyclopropene

Addition of dichlorocarbene to trichloroethylene gave pentachlorocyclopropane
which was smoothly dehydrochlorinated by aqueous potassium hydroxide into
tetrachlorocyclopropene 14 *.. On heating at 150—180 °C, /4 provided an efficient
source for tetrachlorovinylcarbene 15, which could be trapped intermolecularly by
olefins to give the 1-chloro-1-(trichlorovinyl)cyclopropanes /6, Eq. (7) 2%.

R

P cl
cl o cl R\" cl

B >=< - 0
150-180°C

l d o] a o«

4 15 16

R=H, CH,
cl

:———:———-Li———s——> = F

90\’\
18 54-94°
6
\ £
E——Li —E . [>——E—— E

20 62

®)

1

&o
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Upon reaction with two moles of n-butyllithium the adducts 16 gave the 1-chloro-
cyclopropylethynyllithium reagents /7 which could be trapped by a wide variety of
electrophiles (CO,, CICO,Me, Me,;SiCl, H,CO, R;COR,, NCS, CH,;SSCH; ...) to
give the corresponding cyclopropylacetylene derivatives 8. Further metalation with
three equivalents of #-BuLi gave the dianion /9 which, on electrophilic substitution,
led to difunctional cyclopropylacetylenes 20 with any desirable combination of
donor or acceptor functional groups, Eq. (8) 2.

2.3 From 1,1,3,3- and 1,2,3,3-Tetrachlor propene
and 1,1,2,3,3-Pentachloropropane

Alternatively, 1,1,3,3- and 1,2,3,3-tetrachloropropene 27 and 22 or 1,1,2,3,3 penta-
chloropropane 23 underwent dehydrochlorination with potassium t-butoxide to give,
probably through 1,3,3-trichloropropyne 24, the dichlorovinylidenecarbene 25 which
was trapped by olefins to lead to the dichloroethenylidenecyclopropanes 26. Then,
the highly reactive allene 26 added electrophiles as well as nucleophiles such as
methoxides to give, for instance, l-methoxy(2-chloroethynyl)cyclopropane 27,
Eq. (9) %,

Cl
= §==< M b
KO\‘Bu =

H Ct Cl

21!

[Cl ] I NaOMe, ]2[

MeOH
Ct

26 48 55% 27 25%

®

2.4 From Ethynylcarbenes

The 3,3-dimethyl-5-alkynyl-3H-pyrazoles 28, obtained by addition of 2-diazopropane
to diacetylene, were irradiated to give the alkynylvinylcarbenes 29 and 30 the relative
reactivity of which depended mainly on the substituent R on the triple bond. These
carbenic species were trapped by cyclopentadiene or furan to give the ethynylcyclo-
propane derivatives 37 and 32, respectively, Eq. (10) #*).
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R R C—R
- - -
Z P He 2 £
T ) ;o
N
H
28 29 30
H
H i y
~
Z R /
X=CH, ,0 / + /
R=H,CHy ,Br , CO,CH; X X
3T g0, (24 S O 32

(10)

The pyrolysis at 140-150 °C of the lithium salts of diethynyl ketone tosylthydrazones
33led to the formation of the triplet diethynylcarbenes 34 which were trapped by olefins
to give, in a nonstereospecific reaction, the 1,1-dialkynylcyclopropane derivatives
35a, b, Eq. (11) .

R R
A\ \
\ CeHs
Li®
NNty O \c: — CeHs 35a
/ / Chs 33%
// J \=\ Z N\ 23%
/ / ts g7 R
? SO/ +
33 34 CsHg  CgHg
CeHs CeHs
R=f—BUJ(CH3)3 Si 35b
3%
A N 5%,
N
R R
(11)

2.5 From Ethynyl Vinyl Oxiranes

Upon heating to 300-350 °C the ethynyl vinyl oxiranes 36, obtained by condensation
of vinylsulfonium ylides with acetylenic carbonyl compounds, underwent a Cope-
transposition into the oxacycloheptadiene 37, followed by a Claisen-type reaction
leading to a cis, trans mixture of 2-ethynylcyclopropanecarboxaldehydes 38, Eg.
(12) 2.

8
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0
Ri. 0 d
0 ‘Y \
R . , H
>1LX\= COllj?E )\J CLAISEN { (12)
Rz R \
/ TS,
1
67 - 81%
Re 36 37 38

3 Reactivity of 1-Donor Substituted Ethynylcyclopropanes

3.1 C; — C, Ring Expansions

Contrary to the 1-vinylcyclopropanol derivatives which easily underwent an acid
catalyzed or thermally induced C; — C, ring expansion as discussed in Sect. 5.1.1,
the acetylenic cyclopropanols 9 were surprisingly unreactive towards acids. Thus,
on heating for two hours to 55 °C in acidic (0.75N HCI) 50 %, aqueous dioxane con-
taining a catalytic amount of mercuric chloride or upon treatment with m-chloroper-
benzoic acid (MCPBA) for 12 hours at room temperature, the alcohol 9 (R = H)
was recovered unchanged. However, treatment of 9 with an alcohol free solution of
t-butylhypochlorite (t-BuOC]) in chloroform resulted in an exothermic reaction which
yielded 2-chloromethylenecyclobutanone 39 as the only isolable product, Eq. (13) 19

P
': - +-BuOCL , CHCI,
- r.t.
13
OH }_Cl (13)
9 R=H,0Et 39 s0%R

1-(Ethoxyethynyl)cyclopropanol 9 (R = OEt), obtained by addition of an excess
of ethoxyethynylmagnesium bromide to 3, was transformed into the ethyl (1-hydroxy-
cyclopropyl)acetate 40 on heating in acidic (0.75N HCI) aqueous dioxane containing
a catalytic amount of mercuric chloride at 55 °C for 2 hr. Upon treatment with
t-BuOCl it underwent exothermic ring opening to the B-chloroethyl ethoxyethynyl
ketone 4/, while addition of MCPBA and hydrolysis with aqueous acetone led to
the 1-hydroxycyclopropanecarboxylic acid 42, Eq. (14) 4.

_OEt oH
= oy [>< 40 4%
m]/ +-BuOCH . HyO CH,CO, Et
-~ == OFt (14)
2)H,0 °
41 65% 9 {>< 42 14%
COOH

A more convenient preparation and the synthetic utility of 42 will be discussed in
Sect. 4.7 (vide infra).
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On the other hand, 1-(phenylethynyl)cyclopropanol 9 (R = Ph) underwent a
C; — C, ring expansion and subsequent decarboxylation when treated with MCPBA
to yield the 2-phenylcyclobutanone 47, likely via the intermediate 2-(1-hydroxy-
cyclopropyl)-2-pheny! ketene 44, formed by migration of the cyclopropyl group in the
vinyl cation 43. The ketene 44 thus resulting could be attacked by a second equivalent
of MCPBA and ring expanded to the B-ketoacid 46 which would easily decarboxylate
to yield 47, Eq. (15) .

OH
MCPBA
D= e o
0°C, r.t. 12h
OH ’_\_‘ce-’l—Ph ?=c=o
0‘\ Ph
9 43 OH 44
0—H
MCPBA [><../ q i
——— i ) —_——— ——— -
20, H
’ Ph \\
45 46 47 28%
(15)

3.2 C; — Cs, C; and C, Ring Expansions

A mixture of cis- and trans-2-methylethynylcyclopropanes 48 and 49, prepared by
the catalyzed (CuCl) addition of diazomethane to 3-penten-1-yne, upon heating to
530 °C underwent rearrangement to 3- and 4-methylenecyclopentenes 5/ and 52,
likely via the intermediate allylallene 50, and to 1,3-cyclohexadiene 54 and benzene
55, likely via the intermediate 1,3,5-hexatriene 53, Eq. (16) 2.

H
S g4
\V<H 530°C U S +

48 50 57 38 52 29°s

w
Ve C D O

N\
49 54 30°% 55 3%

(16)

The thermal isomerization of 1-ethynyl-2-vinylcyclopropane 57 has been also
reported. Thus, the dimer 59 was formed in the pyrolysis of the tosylhydrazone salt

10



Synthesis and Synthetic Applications of 1-Donor Substituted Cyclopropanes

of syn- and anti-tricyclof4.1.0.0**Theptan-6-one 56 via the cycloheptatriene 58, the
product of a Cope rearrangement of cis- 57 Eq. (17) *".

——Ts
160-200°C “ a7

[t is noteworthy that, contrary to 1-trimethylsiloxyvinylcyclopropanes which readily
undergo thermal C; — Cs ring expansion (vide infra, Sect. 5.5), the O-silylated 1-ethy-
nylcyclopropanols 9 were recovered unchanged, on heating to 600 °C ¥,

56

3.3 Solvolysis

As the 1-ethynylcyclopropanols 9 were remarkably stable to acids (vide supra, Sect.
3.1), it appeared interesting to investigate the solvolytic behaviour of the corresponding
tosylates !*. As a matter of fact, it was known that simple cyclopropyl derivatives
usually underwent concerted ionization and disrotatory ring opening to allyl cations 2.
Such a ring opening however, can be prohibited by steric constraints *® or conjugative
interactions with donor substituents 3®; thus for instance, 1-cyclopropylcyclopropyl
chloride *? or tosylate *" to a certain extent yielded unrearranged solvolysis products,

e., l-cyclopropylcyclopropanols. Thus it appeared worthwhile to determine the
extent to which an adjacent ethynyl group would be able to delocalize the positive
charge of a cyclopropyl cation and prevent the ring opening.

The only products of solvolysis of the tosylate 60 from the 1-ethynylcyclopropanol 9,
with R = CH; was the allyl derivatives 61 (R = CH;) from the ring opening of the
cyclopropane ring, while unrearranged cyclopropanols (or derivatives) 62 were
obtained in high yields when R = cyclopropyl or aryl, Eq. (18) '*.

. EtOH—H,0 \
[>‘—=——R ’—"‘N'ET—V ==—R D"——-——R

OTs
60 v 61
R = CHj Y = OH, OEt 90% - (18)
CeHs 15 85
pCH3CeH, 5 95
pCH30C6H, 0 100

[>_. 6 30

The solvolysis product distribution and the kinetic data (solvent effect 3*:
m = 0.583 — 0.505, substituent effect 3: o = —2.98) were clearly consistent with
a SN/ ionization process involving the anchimeric assistance of the triple bond
(k,) ** leading to the resonance stabilized cation 63 with its positive charge delocalized
through the adjacent triple bond into the aryl (or cyclopropyl) group !¥.
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N e

63

1t was concluded that the stabilization of the positive charge of 63, by delocalization
over the three carbons of the mesomeric propargyl allenyl system, entailed a powerful
electron releasing substituent at the allenyl end !*). However, although in theory
electron releasing substituents might render 1-substituted cyclopropy! cations more
stable than their 2-substituted allyl counterparts 3%, the expected ring closure of
a 2-substituted allyl cation such as e.g. 64 to the cyclopropyl cation 65 has not been
observed experimentally, Eq. (19) *7.

CH,

O=L 0=t o
64 65

CHY

3.4 [2 + 4] Cycloadditions

Several of these cyclopropylacetylenes constitute convenient substrates for catalyzed
or uncatalyzed cycloaddition reactions. For instance, the methyl 3-[1-chlorocyclo-
propyl]propiolate 66 is a reasonably reactive dienophile which -underwent thermal
reaction with various 1,3-dienes to yield [2 + 4] cycloadducts, such as 67, Eq. (20) 2.

LY

COz Me
66 COOMe 67 90%

In fact from the synthetic point of view, the 1-ethynylcyclopropanols 9 have been
mainly used as precursors of 1-donor substituted vinylcyclopropanes, the preparation
and utility of which are discussed in the following sections.

4 Preparation of 1-Donor Substituted Vinylcyclopropanes
and Cyclopropylcarbonyl Compounds

Because of their exceptional reactivity and reactivity pattern, 1-donor substituted
vinylcyclopropanes and cyclopropylcarbonyl compounds, appear to be very attractive
building blocks, endowed with unexpected synthetic potential, which has not yet
been fully explored. Various routes to these challenging compounds have successfully
been tested recently.

12



Synthesis and Synthetic Applications of 1-Donor Substituted Cyclopropanes

4.1 From Cyclopropanone Hemiacetal

As first reported by Wasserman, the addition of two equivalents of vinylmagnesium
bromide in refluxing THF to the cyclopropanone hemiacetal 3 led to the 1-vinylcyclo-
propanols 68 in 64%, yields Eq. (21) 19,

OH
3 + 2 CH/~=CHMgBr —:4 » {></ @

68 64

Since the hemiacetal 3, can now readily be prepared from cheap commercially
available starting materiais (vide supra, Eq. (1)) 7, this reaction constitutes a con-
venient source of 1-vinylcyclopropanols. Otherwise, the 1-ethynyl-cyclopropanols 9,
also easily available from 3 or from its magnesium salt 10 (vide supra, Eq. (4) and (6)
underwent either lithium aluminium hydride reduction in refluxing THF to lead
exclusively to the E-1-vinylcyclopropanols 69 or reduction with dicyclopentadienyl-
titanium hydride in ether at 0 °C, prepared from isobutylmagnesium halides and a
catalytic amount of dicyclopentadienyl titanium dichloride (n*-CsHs),TiCl,), to yield
exclusively the Z isomer 70, Eq. (22) 1539,

> R _ LiAt4, Cp,TiH _
R — THF, 65°C 9 Et,0,0°C D/_—\R (22)
OH OH
69 93% 70 100%.

4.2 From 1,3-Dichloroacetone

Following a known synthesis of 1-alkylcyclopropanols *?, addition of vinylic Grignard
reagents 72 to commercially available 1,3-dichloroacetone 7/ led to the magnesium
salt of a 1,3-dichloro alcohols 73 which ring closed to 1-vinyleyclopropanols 74 induced
by the highly reactive low valent iron formed in situ, by the simultaneous addition
of etheral solutions of ethylmagnesium bromide and anhydrous ferric chloride,
Eq. (23) 4.

CICH, CICH, \ (CH, )y

= Br ———» C
C=0 + (CHy), MgBr / N

ClCHz/ CICH; OMgBr
71 72a n=1 73
72b n=2

1) EtMgBr, Et;0
2) FeCly , Et,0

{CH, )1
74a,b 55-60%
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4.3 From Simmons-Smith Cyclopropanation of «-Enone Enol Ethers

The selective cyclopropanation of the a-enone silyl enol ether 75, by methylene iodide
and the zinc-silver couple *?), is remarkable. Only the double bond bearing the tri-
methylsiloxy group reacted to yield the I-trimethylsiloxy vinylcyclopropane 76
when not more than 1.1 equivalent of the Simmons-Smith reagent was used, but the
bis-cyclopropanation product 77 was obtained in good yield with an excess (3 equi-
valents) of the cyclopropanating reagent, Eq. (24) 42

0SiMe;
‘L‘\l}g

\’L\ °

ME3Si0 / oy 76 80°%
3, 24
>/ ( %, =

'eﬁ

75 Ao, 0SiMe,

CH3

77 90°%%,

Subsequent treatment with methanol led to 1-vinyl- and 1-cyclopropylcyclopropa-
nols respectively and with IM methanolic sodium hydroxide to the corresponding
ketones by ring opening of the silyl cyclopropyl ether moieties, in excellent yields 2.
Specific o or a’-monomethylation of conjugated cycloalkenones was then possible
through such siloxyvinylcyclopropanes intermediates. Thus, from testosterone 78

o
Me,Si0 Me,Si0” | > 0
79 85% v

/ 80 52°% 81 88%

OH

(2%
© 78 \i

82 90% 83 85% 84 100%
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the silyl enol ethers 79 and 82 have been obtained, practically pure upon treatment
with triethylamine and trimethylsilyl chloride (TMSCI), or with lithium diisopropy}-
amide and TMSCI, respectively. Thence, chemoselective cyclopropanation with CH, I,
and the Zn/Ag couple followed by alkaline hydrolysis of the trimethylsiloxyvinyl-
cyclopropane intermediates 80 and 83 led either to 4-methyl 8/ or to 2-x-methyl
testosterone 84 in excellent yields, Eq. (25) 4.
Reagents: a) NEt,, CISiMe;, DMF; b) Zn/Ag, CH,I,, Et,O, reflux, pyridine, 52%;;
c) NaOH, EtOH, reflux 10 hr, 88 %;; d) LDA, CISiMe,, THF-Et,0, 90%;; €) Zn/Ag,
CH,I,, Et,0, reflux 18 hr, 85%; f) NaOH, EtOH, reflux 48 hr, 100%.
Simmons-Smith regioselective cyclopropanation of a-enone alkyl enol ethers also
provided I-alkoxyvinylcyclopropanes in high yields 43

4.4 From Dye-Sensitized Photooxygenation of Alkylidenecyclopropanes

The dye-sensitized (eosin) photooxygenation at —50 °C of alkylidenecyclopropanes
85, easily available by the Wittig reaction of 3-bromopropyltriphenylphosphonium
ylide ** and suitable ketones, gave the hydroperoxides 86, which were reduced
in situ by an equivalent of triphenylphosphine *® to 1-alkenylcyclopropanols 87 in
good yields. When PPh; was replaced by pyridine (5%) 86 rearranged exclusively

mHYdr‘Y

88 60-83%
OOH Ry OH
PPh,
N e ™ I>k(CR1R3
Rs
SC Rz Rz
- e 86 87 60%
[+
Ry Ry o}
Ra 0 Rs / o
W+ +13°C H +3°C L1R
R2 R2 T !
85 90 R, H

\ 97 10-30%
+3°C
R4
0—0 R3 _*¥c
H H +
Rz
92 93 7- 10°/o
(26)
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to B’-hydroxy a-enones 88, whereas in the absence of pyridine the o,0’-dienones 89,
dehydration products of 88, were formed competitively. On the other hand, the photo-
oxygenation of the olefins 85 at 3 °C led to three types of products: the hydroxyenones
88 arising from the thermal rearrangement of the unstable hydroxyperoxides 86,
the cyclobutanones 91, likely through the well known ring expansion of the oxaspiro-
pentanes 90 **-*® formed by addition of singlet oxygen to the olefins 854"’ and the
ketones 93 from the thermal fragmentation of the intermediate dioxetanes 92, Eq. (26)
48)

4.5 From Oxaspiropentanes

Oxaspiropentanes have been synthesized by the epoxidation of methylenecyclo-
propanes with peracetic *), peroxybenzimidic **, with p-nitroperbenzoic *®) and
m-chloroperbenzoic acid *). The parent oxaspiropentane 95, a convenient precursor
of cyclobutanone *®), was obtained from the peracid oxidation of a methylene chloride
solution of methylenecyclopropane 94, Eq. (27) 45-31),

[ 0
Seaa | <] @

94 95 43-70%

Besides by these epoxidations, oxaspiropentanes have been prepared through the
nucleophilic addition of 1-lithio-1-bromocyclopropanes to ketones at low temperature.
Thus for example, the dibromocyclopropane 96 prepared by addition of dibromo-
carbene to cyclohexene 2 underwent metalation with butyllithium to give the lithio-
bromocyclopropane 97 which was converted into the oxaspiropentane 98 upon simple
addition to cyclohexanone, Eq. (28) 3339,

n -Buli
—100°C - 90°C

96 92%° 97 & 98 85%
(28)
The intermediacy of such oxaspiropentanes has been proposed in the addition of
diazomethane to ketones ° and in the reaction of dimethyloxosulfonium methylide
with o-haloketones **. In contrast to phosphorous ylides, sulfur ylides usually
condense with carbonyl compounds to yield epoxides, thus reaction of the N,N-
dimethylaminophenyloxosulfonium cyclopropylide 99 with cyclohexanone produced
the dispiroepoxide /00 which rearranged to the spiro [3.5] nonan-1-one /01 upon
isolation by gas chromatography, Eq. (29) 5.

i 0
Y.
s—Fh = <—_—>Q<] — (29)

99 100 101 40°%,
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Oxaspiropentanes have been obtained from the cyclopropylide /03, prepared by
treatment of cyclopropyldiphenylsulfonium tetrafluoroborate /02 either with sodium
methylsulfinyl carbanion in dimethoxyethane at —45 °C or with potassium hydroxide
in dimethylsulfoxide at 25 °C. While the reaction of the ylide 703 with «,B-unsaturated
carbonyl compounds has resulted in selective cyclopropylidene transfer to the a,B-
carbon-carbon double bond leading to spiropentanes, condensation of 703 with non-
conjugated aldehydes and ketones led to oxaspiropentanes such as 104, which have
been isolated in 59-100 %, yields, Eq. (30) 3",

o]
R R
® e
Sth s BFAe __._B.___> S gth — O&<r

102 103 104 94°/
R=H,Me (30)

The direction of the base induced ring opening of oxaspiropentanes proved to be
highly depending on the nature of the base and solvent. Thus the epoxide /00 opened
either mainly to 1-(1-cyclopropenyl) cyclohexanol /06 on reaction with lithium di-
isopropylamide in ether or mainly to the expected 1-(1-cyclohexenyl) cyclopropanol
105 on reaction with lithium diethylamide in pentane, Eq. (31) 37..

OH OH
100 —» (>|—© + [>——O
105

106
t-BuNHLi, Ether 6D

1.23
iPry NLi, Ether 7.60

1

1
Et,NLi, Ether 1.5 1
Et, NLi, Pentane 9 1

These results have been rationalized on the basis of the stereochemical features of
the reaction °”. The regioselectivity can also be influenced by kinetic or thermo-
dynamic control of the reaction. Thus, exposure of the oxaspiropentane /07 to a
sterically hindered base (LDA) for a relatively short time in a hydrocarbon solvent
resulted in the abstraction of a proton of the methyl group by kinetic preference,
leading almost exclusively to the 1-vinylcyclopropanol 108, in contrast, use of a
sterically less demanding base for a longer time in hexane provided exclusively the
thermodynamically more stable 1-vinylcyclopropanol 109 as a 98/2 trans/cis mixture,

Eq. (32) %®.
OH
CSH;’ME—D
: S
P i 08 9 (2
griyMe-p
LiN

107 \Q on

Ne , 25ncl 720h

T Vs CgHyMe-p

109 100%
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A severe limitation of this method, however, is the failure of the ylide 103 to yield
oxaspiropentanes (vide supra) from a,B-unsaturated ketones and the poor yields of
vinylcyclopropanes obtained from its reactions with hindered ketones or with con-
formationally rigid six-membered rings. Moreover, attempts to extend the oxaspiro-
pentane ring opening to compounds containing an adjacent tertiary center have failed;
thus, oxaspiropentane 170 did not lead to 7/1, Eq. (33) °").

0 .
H QSiMe
/ 3

—_ -

4 (33)
170 111

It has also been shown that oxaspiropentanes undergo smooth ring opening with
sodium phenylselenide at room temperature to give B-hydroxyselenides, which, upon
oxidation with m-chlorobenzoic acid at —78 °C and ring enlargement at —30 °C
in the presence of pyridine led directly to cyclobutanones. However, in the case of
the oxaspiropentane 112 prepared from an aldehyde, the intermediate /73 mainly
eliminated selenoxide to give the 1-vinylcyclopropanol 114, which was not converted
to the cyclobutanone 115 under these conditions, Eq. (34) 3%

o] OH
i} PhSeNa -
2]MPCBA ,-25°C
Se.
£
0] Ph
112 113
(34)
OH 0
Pyridine
-25° to 0°C = +
35% (114 2 : 1 115)

4.6 From 1-Heterosubstituted Lithiocyclopropanes

4.6.1 1-Arylthiocyclopropyllithium

Treatment of cyclopropyl phenyl sulfide ®® with s-butyllithium in tetrahydrofuran
at 0 °C for 2 hr led to 1-phenylthiocyclopropyllithium /16 %9, which added to ketones
0

Li SPh SPh
SOCl,, CgHgN
X, ——— DX =e-DOX
SPh HO

116 95% 117 118 93%
(3%
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at 0 °C to yield hydroxysulfide 717 5%; this, upon treatment with thionyl chloride
in pyridine at 0 °C, was dehydrated without complications arising from ring expansion
(vide infra) to give the phenylthiovinylcyclopropane /18, Eq. (35) .

Simple saturated ketones, however, were recovered unchanged even when a twofold
excess of the lithiocyclopropyl phenyl sulfide 776a was employed apparently due
to problems of enolization, but hindered ketones or a-enones underwent complete
carbonyl condensation V),

Reaction of the lithiocyclopropyl aryl sulfides //6a—¢ with dimethylformamide
gave the l-arylthiocyclopropanecarboxaldehydes 71719a-c, which were treated at
—78 °C with the enolate of cyclohexanone, for instance, to form the aldol products
120a—c in 83-869; yield. Subsequent dehydration of 120a—c, which could be com-
plicated by retroaldol or ring enlargement reactions, required the use of a mixture
of phosphorus oxychloride and hexamethylphosphorus triamide to give the expected
vinylcyclopropanes 121a~c in 71-76 %, yields, Eq. (36) %3,

§
Li SAr
OMF
—— _—
SAr CHO
116a Ar=Ph 119a-c
b =2-MeOCgH,
¢ =2,6-(Me0),CgH,
(36)
SAr o SAr ¢

[: : POCl,

CH »-

T HMPA, 50° - 100°C

OH
120a-c 83-86% 121a-c T1-76%

A simpler and improved synthesis of /20a was reported recently; the lithium salt
of a-hydroxymethylene ketones when reacted with the lithiosulfide 1764 at —78 °C
gave 120ain 89 %, yield . For a recent review on the synthesis of arylthiocyclopropa-
nes see Ref, 632,

4.6.2 1-Methylseleno- and 1-Phenylselenocyclopropyllithium

Cyclopropanone diselenoacetals 122 prepared by lithium diisopropylamide induced
ring closure of 3-chloro 1,1-di(methylseleno)- or 3-chloro-1,1-di(phenylseleno)-
propane, have been transformed into the corresponding 1-selenocyclopropyllithium
derivatives 123 upon treatment with n-butyllithium in THF at —78 °C. These inter-
mediates have been trapped at —78 °C with aldehydes and ketones to produce the
corresponding B-hydroxyselenides /24 in good yields, Eq. (37) 9.

SeR Li i OH
n-Buli >< RyCRy (,:'—R
ec y ‘ a" "¢ TRe 37)
SeR SeR SeR Ry
122a R=CH; 123a,b 124a,b 40-75%
b =CgH, v
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Dehydration of 124 to the expected 1-seleno-1-vinylcyclopropanes was succesful
only with tertiary alcohols of this type; it required the use of thionyl chloride in the
presence of triethylamine, pyridine or hexamethylphosphorus triamide followed by
reaction with potassium t-butoxide in DMSO, or the use of the Burgess reagent
[CH302CN'SOZIJ:IEt3] 7 in toluene at 110 °C. Thus, dehydratation of e.g. the
selenohydroxide 125 with this reagent led to a mixture of the 1-methylselenovinyl-
cyclopropanes 126 and 127, Eq. (38) 8.

SeMe SeMe SeMe

) @
CHy0, CN® SO,NEt,
>$<\/ Toluene ,110°C o Dkn/\/ + Dﬂ/\/
OH
125 126 © 35°% 127 * 61%

(39)

This lack of generality and regioselectivity has been overcome, however, by using
the 1-selenocyclopropyl aldehydes 128 a, b prepared in high yield either upon reaction
of 123 with dimethylformamide or by reduction of the phenylselenocyclopropyl
129 % with diisobutylaluminum hydride 7. Subsequent olefination of aldehydes
128 with the suitable phosphorus ylides produced the desired 1-seleno-1-vinylcyclo-
propanes /30 in high yield with preferred (Z)-stereochemistry, Eq. (39) 7°%.

123a,b ~ur SeR SeR
SeCgHs — CeHi
—Biaan CHO (39)
C=N 128a R=CH; 80% 130 H
129 b =CgHs 66-74%

On the other hand, reaction of the a-selenoalkyllithium 137 with the aldehydes
128 at —78 °C (method A), or reaction of the a-selenoaldehyde 132 with the a-lithio-
cyclopropylselenide 123 (method B) led to the hydroxy B,B’-diselenides /33 in high
yields. Subsequently, regioselective elimination of the hydroxy and seleno groups to
give the desired 1-seleno-1-vinylcyclopropanes occurred when reacting /33 with
PI; (or P,I,) and triethylamine at 0 °C with predominant formation of the (E)-
isomer 134 (55 and 98 % by method A and B, respectively), Eq. (40) 7°%. For a recent

review on the synthesis of 1-metallo-1-selenocyclopropanes see Ref. 7%,

CeHs SeR SeR CsHia SeR
28+ ! A seR <2 X/ +123
N " /N

H Li H CHO
HO  CgHig
131 133 65-96% 132
PlL3 or P ILl
EtyN, CH,Cly, 0°C
SeR
130 + /
Cghia
134 (40)
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4.6.3 1-Alkoxycyclopropyllithium

Since an alkoxy group stabilizes an adjacent positive charge better than an arylthio
group, an improved reactivity was expected from compounds of type /16 with an
alkoxy group. To prove this, 1-methoxy-1-phenylthiocyclopropane 135 was prepared
by successive treatment of 1-phenylthiocyclopropyllithium //6a with iodine and
sodium carbonate in refluxing methanol. Reductive lithiation with two equivalents
of lithium !-(dimethylamino)naphthalenide {(LDMAN) in THF at —78 °C led to

1-methoxycyclopropyllithium /36, Eq. (41) 7.
o SPh Li @1)
2 ZLDMAN
7760 2}Na,C0;3, MeOH , A >< "7B°C ><
M oM
35 g 136

The O,S-cyclopropanone acetal 135 was also obtained by reacting cyclopropyl
phenyl sulfide with trichloroisocyanuric acid (chloreal), silver nitrate and cadmium
carbonate in methanol, or by reacting cyclopropanone bis-phenylthioacetal with
mercuric chloride and mercuric oxide in methanol at 100 °C 77, The reductive
desulfurization of 735 with LDMAN, however, required rather careful control of
the experimental conditions. Therefore, other more practical approaches to 136
have recently been investigated. Thus, reaction of tri-n-butylstannyllithium (or
magnesium chloride) ‘with the magnesium salt 70 !%:!") of cyclopropanone hemi-
acetal 3 ® (vide supra, Sect. 2.1) afforded after protection of the hydroxyl group, low
yields of the (1-methoxymethoxycyclopropyltri-n-butylstannane 137; this could
smoothly be transmetalated with n-BuLi in THF at —78 °C to provide the l-alkoxy-
cyclopropyllithium reagent 138, Eq. (42) 7.

OMgl OMOM OMOM
1)Bu3$nM Et,0 _n-Buli _ Buli
[>< 2)(Me0l, CH, , ons l>< THF, - 78T [>< (42)
OEt SnBu; Li
137 28-33% 138
M= Li, MgCl

The most convenient preparative scale precursor of 1-alkoxycyclopropyllithium
reagents was found to be 1-bromo-1-ethoxycyclopropane 139, prepared in good yields
by reaction of 1-ethoxy-1-trimethylsiloxycyclopropane 27 with phosphorus tri-
bromide in the absence of pyridine. Addition of 139 to t-butyllithium (2 equivalents)
in ether at —78 °C resulted in immediate and exothermic halogen metal exchange to
form the expected 1-ethoxycyclopropyllithium 740, Eq. (43) ™.

Ot OEt
PBr;, r.t. 2 t-Buli
2 [>< Et,0,-78°C 43)
Br Li
139 656—75% 140

The 1-alkoxycyclopropyllithiums 736 and 140 have been added to a variety of
conjugated aldehydes and ketones to produce cyclopropy! carbinols such as 14/,
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which, when treated directly in acidic media (e.g., 10 %, HBF, in wet tetrahydrofuran)
underwent ring expansion to the challenging 2-vinylcyclobutanone 142 (vide infra,
Sect. 5, Eq. (44)) 43-64: 73,74,

0

4o + Q— e : M (@)

R = Me, Et 142 63%

4.6.4 1-Trimethylsilylcyclopropyllithium

Trialkylsilyl substituents behave in a twofold manner, showing the properties. of
both electron donor and acceptor groups. It is well established that such substituents
strongly favour carbenium ion development at the B-carbon (the B-effect), but exert
a weak electron-attracting effect at the a-carbon atom ’*. Trimethylsilylcyclopropane
1437, contrary to cyclopropyl phenyl sulfide (vide supra, Sect. 4.6.1) could not be
deprotonated at its cyclopropyl position under a variety of conditions, including
prolonged exposure to sec-butyllithium and tetramethylethylenediamine in THF.
On the other hand, 1-trimethylsilylcyclopropyl phenyl sulfide /45, readily available
either from the addition of chlorotrimethylsilane to 1-phenylthiocyclopropyllithium
116a%-77, or by sequential treatment of 1,3-di(phenylthio)propane with two equi-
valents of n-Buli ’® and Me,SiCl, underwent reductive lithiation either with lithium
naphthalenide in THF at —78 °C ™ or with LDMAN at —45 °C 7 to give l-tri-
methylsilylcyclopropyllithium 744, Eq. (45).

SiMe, SiMe, SiMe,
[>< Sec-Buli 4 [>< Croto SLi ® [>< (45)
TMEDA,THF # or LDMAN
H Li SPh
143 144 45
SiMe, SiMe,
Br,,Hg0 n-Buli
CH,Cly THF,~78°C 144 (46)
COOH Br
146 147 50-60%

Similarly, 144 has been obtained from the reaction of 1-trimethylsilylcyclopropyl
methy! selenide with n-BuLi 3%, The a-bromosilane /47 underwent lithiation with
n-BuLiin THF at —78 °C to provide 144 with superior efficiency to any other method,
Eq. (46)) 89, 147 was prepared in large quantities by the Hunsdiecker degradation
of the I-trimethylsilylcyclopropanecarboxylic acid 746, obtained by successively
reacting the commercially available cyclopropanecarboxylic acid with n-BuLi (2 equiv-
alents) and CISiMe, 5%, Uneventfully, /44 added to carbonyl compounds, except for
cyclopentanone where enolate anion formation competed; the 1-trimethylsilylcyclo-
propylcarbinols /48 underwent acid-induced dehydration to the expected 1-trimethyl-
silylvinylcyclopropanes 149 7°-81) while base induced elimination (KH, diglyme,
90 °C) led to cyclopropylidenecycloalkanes 150 ", Eq. (47).
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SiMe,

0 [: << )

([H SiMe, %’ 4 AR

o o Dgo T 149 20-60%
NP ki

n=1,2 oH T M [>==O

W

148
150 7L%

47

The addition of a-lithiovinyltrimethylsilane 157 ), generated from a-bromovinyl-
trimethylsilane # with ¢-BuLi (1.5 equivalents) at —78 °C in ether, to ketones and
aldehydes was also investigated. The allylic alcohols 752 thus obtained underwent
smooth cyclopropanation when the modified Simmons-Smith procedure utilizing
EtZnl ®% was applied. The cyclopropylcarbinels 153 were directly dehydrated without
rearrangement upon exposure to catalytic amounts of p-TsOH in benzene at 20 °C
to give 149 in yields of 52-75%, Eq. (48) 7°-%4,

0 SiMe,
Me,Si
. Et,0
/> L+ -78°C, r.t.
1, HO 1,
151 n=1,2 152 67-76%
SiMe,
(48)
EtZnl, TsOH
CH, I, l:;:Hs 749
HO ) 52-75%

153 65-98%

A number of functionalized 1-trimethylsilyleyclopropanes have become readily
accessible along ‘this and other routes ®®. Among them, the I-trimethylsilylcyclo-
propane carboxaldehyde 156 was obtained from the spiroalkylation of trimethyl-
silylacetonitrile 754 upon successive treatment with 1 equivalent of lithium diiso-
propylamide (LDA), 1.5 equivalent of 1,2-dibromoethane and finally with a second
equivalent of LDA. Subsequent diisobutylaluminum hydride (DIBAH) reduction
of 155 followed by hydrolysis of the resulting imine with dilute sulfuric acid gave
the aldehyde 156 in high yields, Eq. (49) 8.

SiMes SiMe,
H 1) LDA DIBAH
M93 SICHZ CN W >< — >< (49)
3) LDA C=N CHO
154 155 70% 156 94%
"SiMe, SiMey
— EtZnl Mn0,
CH;—-—-C\ _-:E’r» oy ™ 156 (50)
CH,OH CH, OH (72%)
157 158
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The bifunctional cyclopropane 156 was also prepared by modified Simmons-Smith
cyclopropanation 8% of 2-trimethylsilyl-2-propen-1-ol 157 8 followed by oxidation
of the cyclopropylcarbinol 158 with activated manganese dioxide ®, in 729 overall
yield, Eq. (50) ®¢:39_ Coupling of the aldehyde 156 with 2,6-dimethylcyclohexenone
159°% induced by the low valent titanium reagent from TiCl; and zinc-copper couple
(or lithium metal) provided the silylated cyclopropyldiene 160, in 50-60% vield,
Eq. (51) %Y,

0
SiMe3
TiCl
755 + Li orZrax /Cu (51)
OME, 4
159 160
50-60%

The aldehyde 156 has also been condensed with «-lithioselenides to lead to B-
hydroxyselenides which underwent regioselective elimination (vide supra, Sect. 4.6.2,
Eq. (40) ) upon treatment with methanesulfoxyl chloride and triethylamine provid-
ing complementary methods for gaining access to 1-silylated vinyicyclopropanes **.

4.7 From 1-Hydroxycyclopropylcarbonyl Compounds

The high synthetic potential of 1-hydroxycyclopropanecarboxylic acid 42 with its
two functionalities on the same carbon of the three-membered ring has only recently
been recognized 2.

As a matter of fact, 42 is readily accessible, starting with the acyloin condensation
of succinic esters in the presence of trimethylsilylchloride to provide 1,2-disiloxycyclo-
butene 767 in high yields °*". Bromination of /6] in pentane at low temperature, led
to the 1,2-cyclobutanedione 162, which underwent acid or base induced ring contrac-
tion to 1-hydroxycyclopropanecarboxylic acid 42 °%. More conveniently, 42 was
prepared in a one-pot reaction by first adding bromine in CH,Cl, at —10 °C and then
ice-water to 167; the hydroxyacid 42 was obtained by continuous extraction in 94 %
yield, Eq. (52) %-99),

0SiMe3 0 OH
Bry , Pentane oH® ,H:,Oe
-2 BrSiMe, or Hy 0 (52)
COOH
o]

OSiMe,
161 162 70-76% 42 - 84°%0

Other conceivable routes to 42, for instance the oxidation of the lithium salt of
o-lithiocyclopropanecarboxylic acid ®7 with molecular oxygen °®, have failed 3.

Cyclopropanols in general, can well serve as homoenolate anion precursors, i.e.,
the B-anion of ethyl propionate ), however, to avoid the easy base or acid induced
ring opening the hydroxyl function of 42 must be protected when necessary. On
simple addition of one equivalent of 3,4-dihydro-2H-pyran to a CH,Cl, solution
of the a-hydroxy acid 42, the tetrahydropyranyl ether 163 was obtained exclusively,
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in the absence of an acid catalyst. Then addition of two equivalents of methyllithium
to the acid 763 gave the methyl ketone /64, which underwent Wittig olefination e.g.
with p-methylbenzylidenetriphenylphosphorane, to produce an (E/Z) mixture of the
vinylcyclopropane 165; deprotection was achieved by simple action of ethanol in
the presence of 10 % of pyridinium p-toluenesulfonate (PPTS) 1°! and gave the 1-vinyl-
cyclopropanol 166, Eq. (53) ®2.

@ OTHP OTHP
42 0 >< 2CH,Li [>< p.TolCH=P[CgHs l;
> —_— ——— -

CH,Cly, rt. Et,0 Ether, 36°C
COOH COCH3
763 100°% 164 88°%
(53)
OTHP OH
1) EtOH, PPTS
CI)=CH-~p.Tol (|3=CH-~p.Tol
CHz CHs
165 76°% 166 86°%

Like 1-acylcyclopropanols in general, the 1-hydroxycyclopropanecarboxaldehyde
167, the counterpart of l-arylthio- 1/9a-¢, 1-phenyl(methyl)seleno- 128a—b and 1-tri-
methylsilylcyclopropanecarboxaldehyde 156 (vide supra) could not be isolated, as it
readily expanded to the corresponding 2-hydroxycyclobutanone 168 *). The labelling
pattern in deuterium oxide-NaOD has suggested an equilibrium between the two
isomeric acyloins 167 and 168 favouring the four-membered ring. Eq. (54) 192,

0
OH
> -Ef o
¢==0 OH
H
167 168

This difficulty, however, could be overcome by first protecting the hydroxyl group
as a MEM 193.19%9 THP %) or t-BuMe,Si ether '°® before forming the carbonyl
function of 167; this way the 1-hydroxycyclopropanecarboxaldehyde derivatives
171a—c were sufficiently stable to be prepared and handled. To this end, esterification

OH OR
4 CrioH.soch, 4 1) RCl or DHP
2) LiAlH, , THF,
COOCH,  reflux CH,0H
169 gg.59, 170 9g,

OR <:>=PF’h3 OR (33)

PCC,PDC
: ————
or {COCLl,—DMSO
CHO

171a-¢ 174 78%
R=a)MEM, b)THP, c) t-BuMe,Si...
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of 42 with methanol and a catalytic amount of thionyl chloride '°® gave /69, which
was protected either with B-methoxyethoxymethyl chloride 1°3- 1%, dihydropyran 'V
or t-butyldimethylsilyl chloride ' and then reduced with lithium aluminium hydride
to give the cyclopropylcarbinols /70. Finally, oxidation of 770 either with pyridinium
chlorochromate (PCC) '°7, pyridinium dichromate (PDC) !°® or with oxalyl chloride
activated dimethylsulfoxide *° produced the expected aldehydes /7/a—c in 88, 68
and 98 9, yields, respectively, Eq. (55) 9296, 110.111),

Another route to the aldehyde 1714 (R = EtO(CH;)CH-) involved the cyclo-
propanone cyanohydrin /73a, which was prepared either from the labile cyclo-
propanone 7 and hydrocyanic acid *'? or by the addition of lithium cyanide to the
magnesium salt of the cyclopropanone hemiacetal 10 '®. Reaction of 173a with
excess ethyl vinyl ether at room temperature gave the acetal 1736, in quantitative
yield 1*®; 1735 had previously been obtained in 62% yield by the ring closure of
2-chloropropionaldehyde cyanohydrin ethoxyethyl ether /72 with sodium bis-tri-
methylsilylamide '¥). Subsequent reduction of 1734 with sodium dihydro-bis(2-
methoxyethoxy)aluminate !** led to the aldehyde 17/d Eq. (56) 1*.

OMgX OH
LiCN - HCN l : 0
OEt eN
10 173a 7
l (56)
OR o
l NaN(SrMe3 N
CICH, CH, CH—C==N ot {>< -
§'6°
CHO
172 173 b 171d 65%
R = Et0(CHy) CH

The protected 1-hydroxycyclopropanecarboxaldehyde 771 is an efficient and con-
venient precursor to 1-donor substituted vinylcyclopropane derivatives. Thus, for
instance simple Wittig reaction of the aldehyde 171 b with cyclohexylidenephosphorane
prepared from the corresponding phosphonium iodide and potassium z-butoxide in
THF gave the vinylcyclopropane 174 in high yields Eq. (55), a precursor of spiroveti-
vanes (vide infra), which could not be obtained by the ring opening of the oxaspiro-
pentane 110 (vide supra, Sect. 4.5, Eq. (33)) 111

OTHP
E4,0
77’b + C5H11 MgBr 2
CH'—‘CsH“
175 |
95% OH
OTHP OTHP (57)
DMSO0, (COCL), {>< CHaCH==P{CgHzly
—_— i -
—60°C,NEt; THF, 4, 15h
t=0 C=CH~~CH,
176 ) 177 |
88.5% UsHn 82% CsHu
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Another approach to such vinylcyclopropanes involved the addition of Grignard
reagents, e.g. n-amylmagnesium bromide to 1715 leading to the cyclopropylcarbinol
175. Oxidation at —60 °C in methylene chloride with DMSO-(COCI), !° led to
the ketone 176, which was treated with ethylidenetriphenylphosphorane for instance
to produce in 69%, overall yield from 1715 a (Z, E) mixture of the disubstituted
vinylcyclopropanes 177, precursors of dihydrojasmone (vide infra, Sect. 5.5).

4.8 ¥rom Optically Active 1-Hydroxyvinylcyclopropanes

The cyclopropane moiety is present in a large number of natural products !9 and
pharmaceutically interesting compounds !, most of which are optically active.
For instance, such units have been found in the side chain of sterols from marine
sources ''® and have been synthesized along a stereocontrolled route from ( + )a-pinene
involving the stereospecific ring contraction of a cyclobutanol p-toluenesulfonate 1'%,
Moreover, optically active vinylcyclopropane units have been found in Hormosirene
(or Dictyopterene B) 178, a specific sex attractant of several brown algae of the Austra-
lian shelf, which displays an intense ocean smell and in Dictyopterene A 179, a minor
constituent of the pheromone bouquets 2%,

(=1178 (1R, 2R) (+1779 (MR, 2R)

The synthesis of optically active 178 and 179 have been performed starting with
aresolution of the trans 2-vinylcyclopropanecarboxylic acid 12V, Highly stereoselective
ScN’ reactions of chiral homoallylic esters derived from (+ )camphor 122, and of
optically active allylic 1?¥ benzoates involving chirality transfer have also been
reported for the enantioselective preparation of 178 and 179, respectively. Optically
active 1-hydroxycyclopropylcarbonyl compounds and 1-hydroxyvinylcyclopropane
derivatives were available from chiral succinic esters, following the synthetic scheme
displayed in equations 52-55 (vide supra, Sect. 4.7). Thus, (+)-(R)dimethyl methyl-
succinate 180 (97% e.e.) readily obtained by enzymatic resolution of the racemic
ester 12*) upon acyloin condensation in the presence of CISiMe; led to the (+)-(R)-
3-methyl-1,2-bis(trimethylsiloxy) cyclobutene 181 ([a]p, = 19.05°, ¢ = 2.34 (CCly)).
Then, bromination and subsequent hydrolysis of 181 %> quantitatively gave, after
continuous extraction with ether, (—)-(1S,2R)-1-hydroxy-2-methylcyclopropane-
carboxylic acid 182a (o], = —57°, ¢ = 1.38 (CCl,)) which was esterified with methan-
ol and thionyl chloride to give 1825 ([o]p = —32.76°, ¢ = 1.4 (CCl,)). Determination
of the enantiomeric ratios by 'H NMR in the presence of Eu(hfc); 1?® has shown that
the ester 182b had >97% e.e. *. Therefore, practically no racemisation i.e., no
enolisation occurred during the acyloin condensation of 180 which involved radical
anions as intermediates °*). Protection of the hydroxy group of 182b (tBuMe,SiCl,
imidazole, DMF) 1%, reduction with DIBAH in toluene at —70 °C followed by
oxidation (DMSO-(COCI),) 1% (vide supra, Sect. 4.8, Eq. (55)) gave the aldehyde
183 ([olp, = —45°, ¢ = 2.1 (CHCL)) in 949, overall yield. Subsequent addition of
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triethylphosphoacetatecarbanion in THF led in 889 yield to the optically active
(—)-(1S, 2R) l-siloxyvinyicyclopropane 184 a ([o], = —2.45°, ¢ = 2 (CCl,)) and
after removal of the protective group (CH,OH, CISiMe,), to the trans—l-vinylcyclo-
propanol 1845, whose 'H NMR analysis in the presence of Eu(hfc), 129 showed an
enantiomeric excess of 87%, Eq. (58) 2%,

COOMe OSiMey OH 1) CiSiMe,tBu
Na, Toluene, 4 2) DIBAH
ClSiMej; \ 3} OMSO—(COCl ),
COOM
¢ DSiMe, COOR
(+)-IR}-180 (97%ee) {+)-{R)}-787 89% {-)-{15,2R)-7820 R =H
b =CHsz
/ (97%ee)
0Si—— oRr’
Y, \ \ (58)
N
CHO CH=CH
CO;Me
{=)-{1S,2R) -183 (—=1-{1S.2R}-184a R’=t-BuMe,Si

b =H(>87%ee)

4.9 Miscellaneous Methods

Lithium (phenylthiocyclopropylcuprate) /85, prepared by the reaction of cuprous
thiophenolate with cyclopropyllithium in THF at —78 °C, was added to B-iodo-
enones. For example, treatment with 3-iodo-2-cyclohexen-1-one 186 provided the
corresponding fB-cyclopropyl o,f-unsaturated ketones /87 with high efficiency,
Eq. (59) 12",

0
THF
[::>-——cUsc HgLi [:f:]\\ T [:%:1\\::;7 (59)
185 187 82%

OMgL
+ > Cchg Ea0.0c &\v DBN, CeHg . 4
188 7900 Rz=H 97%
=Ac 98%
191
789 {13
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Otherwise, cuprous iodide-catalyzed addition of methylmagnesium iodide to
2-cyclohexen-1-one in ether at 0 °C, followed by trapping of the resultant enolate
anion /88 with cyclopropanecarboxaldehyde 189, afforded the two diastereomers of
the cyclopropylcarbinol 190 a. Further transformation into the corresponding acetates
1906 (acetic anhydride, pyridine), followed by treatment with 1,5-diazabicyclo{4.3.0}-
non-5-ene (DBN) in refluxing benzene, provided in 78 % yield, a mixture of the desired
B-cyclopropyl enones 191 and 192, in a ratio of 13:1, Eq. (60) *27.

In analogy to the preparation of the cyclopropanone hemiacetal 3 (vide supra,
Eq. (1) 7, reductive cyclization of the piperidide of 3-chloropropionic acid 193 with
sodium in ether in the presence of CISiMe;, gave the 1-piperidino-1-trimethylsilyloxy-
cyclopropane 194a which was converted to the cyclopropanol /945 upon treatment
with methanolic tetrabutylammonium fluoride. Both /94a and 7945 can be used for
the ready generation of cyclopropane derivatives; thus the silyl ether /94a could be
reacted directly with the vinylic Grignard reagents 195 to provide the vinyl cyclo-
propane derivative 196, (Eq. (61) 1?3,

0—R

0
Il 2 Na, Et,0
CICH,—CH—C—N ) —Goi=t> D(

N

193 194a R=SiMe; 87%
b =H

) (61)
MgBr N

194a + —
95%

195 196

Furthermore, treatment of /94a, b with potassium cyanide in the presence of
aqueous acetic acid gave the cyclopropylnitrile 797 in 62-73 % yield. This nitrile
was then allowed. to react with cyclopropyllithium in ether at —78 °C to give the
cyclopropyl ketimine 198, Eq. (62) 12,

O ®
N i
194a b KCN , AcOH - )<]
a, Et,0 -78°C c
Il
7198 NH

C=N
197 (62-73%)

(62)
While the nucleophilic addition of 1-lithio-1-bromocyclopropanes to ketones gave
oxaspiropentanes, precursors of l-donor substited vinylcyclopropane derivatives

(vide supra, Sect. 4.5, Eq. (28)), addition of n-BuLi at low temperature to 1,1-di-
bromocyclopropane 199 (prepared in 75 % yield from the addition of dibromocarbene
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to isobutene) led to the carbenoid 200 which was added to N-methylformanilide to
give the l-bromocyclopropanecarboxaldehyde 201. Wittig olefination with tri-
phenylmethylenephosphorane produced the 1-bromovinylcyclopropane 202, and
upon treatment either with n- or ¢-butyllithium, the 1-vinylcyclopropyllithium 203,
which was able to undergo electrophilic substitution. For instance, addition of carbon
dioxide and diazomethane, gave the cyclopropanecarboxylic acid 204a and ester
204 b, successively, Eq. (63) 139,

~N Br Li ~N Br
n-Buli - > < PhNMe CHO . >< PhP=CH,
-107°C
Br Br C=0
199 200 201 I»I-I
N Br Li ~N COOR
BuLi 1) €O,
Et,0 , Pentane,~62°C 2) CHN,
202 87% 203 204a R=H
b = CHjs

(63)

5 Reactivity and Synthetic Applications of 1-Donor Substituted
Vinylcyclopropanes and Cyclopropylcarbonyl Compounds

5.1 Involving C; — C, Ring Expansions

The ring enlargement of properly activated cyclopropane moities is now one of the
major methods of forming cyclobutane derivatives. Thus, cyclopropyl groups adjacent
to an electron deficient center X (carbon or heteroatom) underwent C; — C, ring
expansion to four-membered ring derivatives, involving cation, radical or carbene
intermediates. Some of these reactions, however, afforded mixtures of cyclobutyl,
cyclopropylmethyl and 3-butenyl compounds, which severely limited their synthetic
applicability >, On the other hand, cyclopropanes 205 with an electron. donor
substituent Y on the same carbon underwent specific and thereby synthetically valuable
C; — C, ring expansion to cyclobutanones 206 or related four-membered ring com-
pounds, Eq. (64) 43-139),

Yﬁe Y
> 1
X
X&@ X
206

205

(64)

0.S,N
C.C=C ,C=0,N

Indeed, cyclobutanones constitute challenging synthetic intermediates for a whole
host of applications including cyclopentanone, cyclohexanone and cyclooctanone
formation, olefin and diene synthesis, geminal alkylation, reductive acylation, among
others, ... (vide infra).
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5.1.1 From 1-Vinylcyclopropanol and Vinylogous Derivatives

First of all, it has been shown that the l-vinylcyclopropanols 207 undergo ring
expansion to cyclobutanones 209 with a large variety of electrophilic reagents. Thus,
with hydrobromic and perbenzoic acid and with t-butylhypochlorite, 2-alkyl-,
-2-hydroxymethyl- and 2-chloroalkylcyclobutanones 209, respectively, were obtained,

through 1-hydroxycyclopropylcarbiny! cation intermediates 208 Eq. (65) '%-13%).
¢}
OH OH R
R+ 5 — p — X
] X R
207 R 208 R 209
X=H,0H, Ct

(65)

With paraformaldehyde and dibenzylamine hydrochloride in refluxing ethanol
1-vinylcyclopropanol 68 underwent a Mannich-type reaction to yield the correspond-
ing 2-(2-dibenzylaminoethyl)cyclobutanone 210, Eq. (66) 12,

0

OH
[></ + (CH,0), + [PhCH,,NHE , ct® 22w <>-CHzCHzN(CH2Ph)z

68 210

(66)
When 2-methyl-1-vinylcyclopropanol 2711 was treated with concentrated sulfuric
acid at 0 °C, the rearrangement took place to the extend of 40 % within 5 min to give

a mixture of 2,4-trans- 212, 2,4-cis- 213, 2,3-trans- 214 and 2,3-cis-dimethylcyclo-
butanone 275 Eq. (67) P

OH
1,50, ,0°C o + 0
=~

211 212 (4%) 213 " (26%)
(67)
o + \<§=o
214 (24%) 215 (46%)

In a non polar solvent, the acid-catalyzed ring expansion of 2// took a different
course. Thus, when the cyclopropanol 217 was treated with dry HBr in methylene
chloride at 0 °C for 5 min, only the 2,3-dimethylcyclobutanones 274 and 215 were
formed in 83 %/ yield with a trans/cis ratio (214/215) of 3:1. It has been verified that
under all the acidic conditions employed, the 2,3 and 2,4-isomers did not interconvert;
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starting from either 2,3-isomer, cis-trans isomerization occurred in the HBr/CH,Cl,
medium and resulted in the formation of product mixtures with the same trans/cis
ratio 13®, The observation that 2,3-dimethyl-substituted products apparently were
favored in the acid-catalyzed rearrangement was consistent with a preferred migration
of the more highly substituted carbon atom, also observed in the peracid oxidation
of methylenecyclopropanes '**). The vinyl carbinol 217 was recovered unchanged
after heating at 110 °C for 17 hr in pyrolysis tubes which had been previously washed
with concentrated ammonium hydroxide solution 3. On the other hand, on heating
at 100 °C either in the liquid phase (sealed tube, not washed with base) or in the gas
phase (gas chromatography), the vinyl cyclopropanols 74q, b were converted, in
nearly quantitative yield, into the corresponding spirocyclobutanones 2/6a, b
(Eq. (68)) *".

0
OH
4
——————
[><@ <§ < :(CHz)n (68)
(CHy ), 100%
74a,n=1 2760,b

b,n=2

The stereochemistry and mechanism of such a thermally induced ring expansion
have been investigated by rearranging a deuterium labelled cyclopropanol. As a
matter of fact, a thermally allowed [2, + 2, + 2,] concerted process '** would imply
an anti-addition to the double bond of 744 (hydroxyl H—C?® and C*—C* bonding)
(Fig. 1). On the other hand, an intramolecular addition of the hydroxyl proton to
the m-orbital of the double bond at C3, would result in the formation of a positive
charge at C*. As it has been shown that the delocalization of the positive charge of the
cyclopropylcarbinyl cation would prevent the free rotation around the C' —C* axis 3%,
such a process would imply a syn-addition (Fig. 2). Finally an intermolecular transfer of
a proton on the double bond at C*, analogous to the electrophilic addition (vide supra,
Eq. (65)) would probably lead to a mixture of products of syn- and anti-addition
(Fig. 3).

Fig. 1 Fig. 2 Fig. 3

The thermal rearrangement in a sealed tube at 100 °C of the [Ds]-labelled cyclo-
propanol 217 (prepared from perdeutero-o,a'dichloroacetone, (vide supra, Sect. 4.2,
Eq. (23)) led to the expected 2,2,3,3,5-pentadeuteriospirof3.4] octan-1-one 278, Eq.
(69) 41)
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0
D D H . H
0—D 4 D
— 5 i (69)
b D o 0D H
217 218

The anti-orientation of the deuterium at C® on the spirocyclobutanone 218 was
proven unambiguously by examination of the 'H NMR spectra of this ketone coordi-
nated with tris-(dipivalomethano)europium; effectively, two protons at C° and C?
were markedly shifted downfield (A8 = 3 ppm) implying their syn orientation with
respect to the carbonyl group. Therefore, the thermal ring enlargement 217 — 218
seemed to involve an intramolecular stereospecific cis-addition on the double bond
(Fig. 2) which, consequently ruled out a concerted process 4!).

Addition of triethylphosphonoacetate carbanion in THF to the 1-tetrahydro-
pyranyloxycyclopropanecarboxaldehyde 1715 gave the trans-vinylcyclopropane-
carboxylate 219 in 88 9 yield; reduction of the ester with DIBAH to minimize conju-

OTHP
g
- cHO .
CHp==CHMgBr |EtQ), P—CH==C0, Et
171
OTHP OTHP
[ c: N "Ry
221 & 219 H  COEt
Jrrs. o I o
OH OH
C':H/\ [ =y
OH CH,0H
222 BFy. E1,0 220
8F,, EH,0
OH
/’é\\
223
o
\
224

Scheme 1. Synthesis of 2-vinylcyclobutanone °%
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gate reduction, deprotection of the OH group (PPTS, EtOH) °Y led to the allylic diol
220. On the other hand, addition of vinylmagnesium bromide to aldehyde 17754
provided the allyl alcohol 221 and after removal of the THP group *°V the 1-(1-
vinylcarbinol)cyclopropanol 222. Upon addition of a catalytic amount of BF;—Et,0
both vinylogous diols 222 and 220 underwent quantitative dehydration and C; —» C,
ring expansion to 2-vinylcyclobutanone 224, within 15 min at room temperature as
monitored by t.l.c., most likely via the intermediate formation of the same cyclo-
propylcarbinyl cation 223, (Scheme 1) °®.

Peterson olefination of the aldehyde 1715 with 1-trimethylsilylprop-3-ynyl lithium
137, furnished a (Z, E) mixture of enynes 225 in 85 % yield. Desilylation with KF in
DMF !*® metalation with n-butyllithium, condensation with hexanal and lithium
aluminum hydride reduction gave the conjugated dienol 226 in 72% overall yield
from 171b. Treatment of 226 with 10 mol. % of PPTS !V in ethanol at 55 °C led
directly, within 30 min, as monitored by t.l.c. to (E,E)-2-(1,3-nonadienyl)-cyclo-
butanone 227 (Eq. (70)) *®. This C; — C, ring enlargement occurred under rather
mildly acidic conditions since the pH of a 1 M aqueous solution of PPTS is 3.0 1°D,

OTHP
e . THF
171 b + Me,;SiC=C—CH,Li 7eC ‘
C==(SiMe,
225 85% 0
1) KF, DMF, 94% QTHP
2] n-Buli, C4Hy,CHO,83% PPTS
- - _— CsHys
3) LiAIH, , THF , 92% N EYOH,55°C PN
CH—C5H11
226 2% by 227 83%

(70)

Furthermore, such a C; —» C, ring expansion could even be induced by lithium
chloride. Thus, the cyclopropylcarbinol 228, prepared by addition of acetylenic
Grignard reagents to the cyclopropanecarboxaldehyde 1774 in 80-90¢% yield !,
was transformed into the tosylate 229 upon successive treatment with one equivalent
of methyllithium in ether at 0 °C and with one equivalent of tosyl chloride at —40 °C,
lithium chloride being formed as by-product. The formation of tosylate 229 appeared,
however, to be strongly dependent upon the nature of the solvent; effectively, the same

OMEM OMEM

1) Meli, Et,0 - .

2) TsCl o + Ld
(I:H-CEC'—R (I:H—CE—IC—R
OH OTs

ZnBr, , CHCly

228 /-————\ 229
OMEM
1)MeLi, THF + THF

2)TsCl
R= CH:i C=C—R C=C—R
Csts 230 45% 231 15%

(M)
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reaction (i.e. addition of CH;Li and tosyl chloride to 228) carried out in tetrahydro-
furan, led directly to the 2-alkynylcyclobutanone 230 (45 %, yield) and to the 1-methoxy-
ethoxymethyl-2-alkynylcyclobutenyl ether 237 (15%), Eq. (71) 9.

Moreover, removal of ether under vacuum and addition of tetrahydrofuran to the
crude mixture of tosylates 229 and LiCl effected the ring expansion to cyclobutanones
230 and cyclobutenyl ethers 231. Upon treatment with anhydrous zinc bromide in
methylene chloride, enol ethers 23/ also underwent cleavage to give the expected
cyclobutanones 230. In this way 2-alkynylcyclobutanones 230 with different substitu-
ents on the triple bond (i.e., R = CHj;, C4Hs, cyclopropyl, etc.) were obtained in
55-60% yield %, It was obvious from these experiments that LiCl in THF was effec-
tive to cleave the MEM ethers 228, while MEM ethers usually require zinc-
bromide 13 ~1%%, and induce their ring expansion. This likely involves, after ioniza-
tion of the tosylates in THF, the intermediacy of the cyclobutyl cyclopropylcarbinyl
carbenium ion system 232 19,

!{iCl LiCt

0 \/Oj @/O\/oj
. - [

C\H ? H ?

L "CH, ¢ CHs
it I

: ?

R 232 R

5.1.2 From 1-Arylthiocyclopropyl Derivatives

The adducts of 1-arylthiocyclopropyllithium 776 %) to aldehydes and ketones, upon
treatment with p-toluenesulfonic acid in refluxing benzene under anhydrous conditions
or with the Burgess reagent %7, underwent ring expansion to 1-phenylthiocyclobutenes,
which may be hydrolyzed to cyclobutanones, desulfurized to cyclobutanes or thermo-
lyzed to dienes. Thus, the cyclopropylicarbinol 233, adduct of 1764 to t-butyl methyl

ketone, was rearranged to the cyclobutanone enol thioether 234, Eq. (72) 132,
o] SPh
SPh
pTsOH pTsOH
R0, CoHg + 4 [>§T_e CoHe: 4 (72)
235 9% OH 234 95%
233

Direct rearrangement to cyclobutanones can be achieved under four sets of condi-
tions: a) with 48 % aqueous fluoroboric acid in ether, at room temperature; b) with
anhydrous stannic chloride in methylene chloride, normally at room temperature;
¢) with p-toluenesulfonic acid in benzene saturated with water, at reflux and d) with
trimethyloxonium tetrafluoroborate in methylene chloride (Meerwein’s reagent). For
instance, the cyclopropylcarbinol 233 was rearranged to 2-s-butyl-2-methylcyclo-
butanone 235, upon treatment with one equivalent of pTsOH in water-saturated
benzene at reflux for 1.5 hr, Eq. (72) **%. In a slightly different approach, the alcohol
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was converted into a better leaving group to allow ring expansion under milder condi-
tions. Thus, the alkoxide generated by the addition of I1/6a to cyclohexanone was
quenched with O-phenylenephosphorochlorodite to give the phosphite 236. In
contrast to the tosylate 229 (vida supra, Sect. 5.1.1, Eq. (71)), simple warming of these
adducts in THF did not lead to rearrangement; the addition of a catalytic amount of
concentrated HCI to aqueous THF at reflux for 15 hr was necessary to achieve ring
enlargement to the spiro[3.5lnon-1-one 2165, Eq. (73) 3. (See for comparison
Egs. (68) and (71)).

O—P/o THF —H,0, HCL
\0 4 ,15h (73)

SPh
236 216b 91 %

The utility of this C; — C, ring expansion was demonstrated by the total synthesis
of (+) grandisol 24/ a constituent of the sex pheromone of the bool weevil 149, based
on a double cyclobutanone annelation (237 — 240) using /l6a as spiroannelating
reagent, followed by a stereospecific haloform cleavage of a cyclobutanone ring,
allowing the introduction of the side chains of this monoterpene with the proper cis
stereochemistry (Scheme 2) ** For a comparable synthesis of 24/ also based on a
C; — C, ring expansion see Ref. 43,

SPh
PhS SPh /[
SPh l 1

CHO \O
OH
237 238 93% 239 90%
SPh
w/
-—-H

- - ——CH;3

"% N—O0H
240 241

Scheme 2. Synthesis of (+) grandisol ***

The challenging 2-vinylcyclobutanone system (vide infra, Sects. 5.3 and 5.4) was
also available from the C; — C, ring expansion of 1-arylthiocyclopropyl vinylcar-
binols 242. Thus, upon addition to a mixture of ether and 48 %, fluoroboric acid, 242
gave rise to the 2-vinylcyclobutanone derivative 243 in most cases, however, in mod-
erate yields, (Eq. (74)) ®.
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0
SAr SPh
48% HBF,
Et,0 +
R
R OH
242 243 20-60% 244 R

a Ar=z Ph, R:H,CLHQ
b Ar= 3,6~ (Me0},CeH,

(74)

Since thiophenol was formed in the reaction, this by-product trapped the intermediate
cation to give the bis(phenylthio)vinylcyclopropane 244 and so limited the formation
of the desired cyclobutanone. To overcome this problem, a substitution pattern provid-
ing electronic acceleration for the cyclopropyl bond migration but also a steric bulk
to inhibit the nucleophilicity of the thiol was required. For this purpose, 1-(2,6-di-
methoxyphenylthio)vinylcyclopropanes such as 2425 were prepared; the yield and
cleanliness of the reaction were effectively increased, allowing by this route the isola-
tion of pure cyclobutanones 243 3.

It has recently been reported that B-(I-phenylthio)cyclopropyl enones 245 were
more conveniently prepared from the lithium salt of B-hydroxymethylene ketone and
the phenylthiocyclopropyllithium 1/6a (vida supra, Sect. 4.6.1); upon treatment with
Lewis acids (e.g., AICl;, SnCl,, TiCly, etc.) in CH,Cl, or better with refluxing 50 %,
aqueous trifluoroacetic acid, they were converted to y-ketocyclobutanones such as
246, Eq. (75) ¢4

0 0
E:é/\,ﬂ 50%aq. CF, CO, H Qij/,:\o (75)
SPh 4
245

246 95%

For a recent review see Ref. 93,

5.1.3 From 1-Methylseleno- and 1-Phenylselenocyclopropyl Derivatives

It has been shown that 1-methyl (or phenyl) selenocyclopropylcarbinol derivatives,
analogous to arylthiocyclopropylcarbinols, undergo either acid induced dehydration
into 1-selenovinylcyclopropanes (vide supra, Sect. 4.6.2, Eq. (38)) or directly ring
expansion, upon treatment with the Burgess reagent (CH;0,CN~, SO,N*Et,,
toluene, 110°, 4 hrs) ®7), e.g. 247 to the regioisomeric selenocyclobutenes 248 and
249, Eq. (76) .

SePh SePh

SePh e o

CH30;CN , SO,NEt, [
Toluene, 4 o + (76)

CllH—CmHz«,.
C CioH

OH 60% 1021 10Hz21

247 248 {15:85} 249
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An unusual reactivity was observed for the 1-methylselenocyclopropyicarbinol
250 bearing a p-tolyl group « to the hydroxyl function. It underwent ring enlargement
to 2-methyl-2-p-tolylcyclobutanone 25/ upon simple treatment with p-TsOH in
refluxing aqueous benzene for 12 hr. Substituted by a hydrogen or an alkyl group,
the corresponding 1-methylselenocyclopropylcarbinol remains unchanged under
these conditions. The cyclobutanone 257 was then treated with the bulky 2-lithio-2-
selenopropane to provide in 66 %, yield the B-hydroxyselenide 252 as a 5/1 mixture of
stereoisomers which was rearranged to o-Cuparenone 253 when treated with thallium
ethoxide in CHCI, (57 %), with silver tetrafluoroborate on alumina in CH,Cl, (69 7).
or with methyl fluorosulfonate in ether, (82 %), (Scheme 3) '*%.

a 0
SeCH34 p.Jol ——SeCH3;
. b\ oH —5
_p-Tol p.Tol
A 251 80% p-Tol
OH
250 252 253

Scheme 3. Synthesis of a-Cuparenone

Reagents: a) pTsOH, CsHs—H,0, 80 °C, 12 hr, 807%;; b) Me,CSeMeLi, Et,0,
78 °C, 66%; ¢) TIOEt, HCCl,, 20 °C, 21 hr, 57%; or AgBF,, ALO;, CH,Cl,
20 °C, 3 hr, 69%; or CHsOSO,F, ether, 20 °C, 1 hr, 82%,

B-Cuparenone was also synthetized following a similar strategy 14D The synthetic
applications of 1-metallo-1-selenocyclopropanes have recently been reviewed 7%

5.1.4 From 1-Alkoxycyclopropy! Derivatives

The replacement of the phenylthio- or phenylseleno group by an alkoxy group gave,
as expected, better results in the formation of cyclobutanone derivatives due to the
greater ability of oxygen to stabilize a positive charge and the ready acid-catalyzed
hydrolysis of the intermediate enol ether. Thus, the addition products of 1l-alkoxy-
cyclopropyllithium 740 to conjugated aldehydes or ketones were treated directly with
109 HBF, in wet THF (one volume of aqueous 48 %, HBF, mixed with 4 volumes of
THF) to yield 2-vinylcyclobutanones in satisfactory yields (vide supra, Sect. 4.6.3,
Eq. (44)). For other synthetic applications of the ring expansion of alkoxycyclopropa-
nes see Ref. 3.

5.2 Involving C; —» C, — Cs Ring Expansions

The rearrangements reported herein concern only the 2-vinylcyclobutanone derivatives
which have also been obtained from the cycloaddition of vinylketenes to simple ole-
fins 142-14%, For such a stepwise C; - C, — Cs ring enlargement, not involving a
2-vinylcyclobutanone, see for instance Scheme 3-(Sect. 5.1.3).

5.2.1 Acid Induced

As a matter of fact, 2-vinylcyclobutanones were able to undergo further C, — Cs
or C, — Cg ring expansions depending on the nature of the substituents on the system.
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Thus, for instance, in the presence of a 10:1 mixture of methanesulfonic acid and
phosphorus pentoxide (Eaton’s reagent) !4, the 1-methyl-1-vinylcyclobutanone
254 bunderwent predominantly C, — Cs ring enlargement to the spirocyclopentenone
257b(51%) and to a lesser extent C, — C, ring expansion to the fused cyclohexenone
2615 (13 %); while the normethyl analogue 254 a yielded exclusively the 1,3-rearrange-
ment product 261a (65%) (Eq. (77)) 1%,

H
)
0 g oH
W@
—— — )
R R e
R
254a R=H 258a,b
b R=CHs 259a,b
0 H 0
D
R
255 b R
260a,b
0 0 0
e
R R R;
256 b 257a (0%) 261a (65%)
b (51%) b (13%)

(77)

This result can be rationalized assuming protonation of the double bond of 2545
to lead to the cyclobutylcarbinyl cation 2554, which subsequently rearranged to the
tertiary cyclopentyl cation 2565 and by deprotonation and double bond migration
the conjugated spirocyclopentenone 257 b was produced. On the other hand, protona-
tion of the carbonyl group and electrophilic attack of the resulting cation 258a, b
on the olefinic linkage can lead to the strained bicyclic cation 2594, b which would be
expected to spring open to 260a, b. Finally acid catalyzed migration of the double
bond into the conjugated position led to 2614, b (Eq. (77)) **.
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The 2-alkyl-2-vinylcyclobutanones required for this rearrangement were also readily
prepared under milder conditions from cyclopropanol derivatives. Thus, the vinylo-
gous alcohols 262a, b and 263a, b were obtained from the cyclopropyl methyl ketone
164 (vide supra, Sect. 4.7, Eq. (53)) following the sequence used for the preparation of
2-vinylcyclobutanone (vide supra, Sect. 5.11, Scheme 1). Upon treatment either with
0.1 equivalent of BF;-Et,O in CHCl; at room temperature for 15 min, or with 0.1
equivalent of the 10:1 mixture MeSO;H—P,05 (Eaton’s reagent) 144 in ether at
room temperature for 5 min both alcohols were converted quantitatively into the
2-vinylcyclobutanones 264a, b (R’ = H, C,H,). Furthermore, treatment of neat
262a, b or 263a, b with 10:1 MeSO3;H—P,0, *¥ (17 equiv.) at room temperature
led directly, (as did the cyclobutanones 264a, b under the same conditions) either to
dihydrojasmone 265a (R’ = C,Hy) in 65-90% yields, or to 2,3-dimethylcyclo-
pentenone 2655 a precursor of methylenomycin B 4%, in 55-68 % yield, (Scheme 4)
147)_(See scheme 11 for an other synthesis of dihydrojasmone involving a C; — Cs
ring expansion of a 1-hydroxyvinylcyclopropane derivative).

OR 264 G,b 2650,b
55-90%
x—~R’
OH
263a R'=C,H,
b =H

Scheme 4. Syntheses of dihydrojasmone and of a methylenomycin B precursor
Reagents: a) BF;—Et,0, CHCl,, r.t., 15 min, 100%: b) MeSO;H—P,0s, Ether, r.t.,
5 mn; ¢) neat CH;SO;H—P,0s, r.t.

5.2.2 Base Induced

In practice, addition of 1-(lithioethyl)phenyl selenoxide 267 to spiro[3.5]non-5-en-1-
one 266 %373 followed by neutralisation with acetic acid and heating in refluxing
THF cleanly afforded the vinylic cyclobutanol 268 in 72 %; yield, as a 8: | mixture of
diastereomers. On the other hand, when the reaction mixture was refluxed in THF
without prior neutralisation, an unexpected regiospecific C, — Cs ring expansion
occured within minutes, leading to the cyclopentanone 270 and its a-selenenylated
derivatives 271. Conversion of the a-selenenylated ketone 27/ into 270 could be ac-
complished most conveniently by treatment of the crude reaction mixture with alu-
minum amalgam providing the cyclopentanone 270 in 71% yield from 266. The
mechanism of this ring expansion is apparently a direct pinacol-like rearrangement of
the initial adduct 269, in which the more highly substituted carbon migrates preferen-
tially (Eq. (78)) 1%\
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AM %/

0
+ PhSeCH Li
THF, 4
266 (78)

Ai-Hg

270

5.2.3 Photolytic

OLi 0
SePh
O

The spirocyclobutanones 272-274a, b, incorporating a cyclohexa-, cyclohepta- and
cyclooctadiene moiety respectively, have been synthetized following mainly the same
methodology, i.e. by the acid induced (50 % HBF,) C; — C, ring expansion of a 1-
methoxyvinylcyclopropylcarbinol, prepared from 1-methoxycyclopropyllithium 136.
Upon photolysis in acetonitrile (A > 347 nm) in the presence of Michler’s ketone as

b 2t — QU

R
0 hy
R
R
273a R =CH; 276
b R=H

278 58%

279 24L%
(79
280a 54%
b 28% 281a 25%
b traces
(80)
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[ 0 0 0
- hy - 8
R
RR R R
274a R =CHs 277 282a (19%) R
b R=H b (64%) 283a (21%)
(81)

a triplet sensitizer, these 2-vinylcyclobutanones underwent an oxa-di-m-methane
rearrangement %), which included as primary steps a 1,2-acyl shift involving one or
both double bonds of the diene system and leading to the intermediates 275, 276 and
277 respectively. The tricyclic cyclopentanones 278-283 arose from these intermediates
by ring closure either between C* and C® or C* and C8 (Egs. (79-81)) .

The presence of a gem-dimethyl group as in 272, 273 a and 274 a dramatically chang-
ed the photoproduct distribution, since only these substrates led to the products
279, 281a and 283 a resulting from vinylogous ring closure. Substrates 273b and 274b
without methyl substitution gave only products of rearrangement involving one double
bond %9,

5.3 Involving C; — C, — C4 Ring Expansions

5.3.1 Acid Induced

The acid-induced C; — C, —» C4 rearrangement has been summarized above, together
with the acid induced C; — C, — C; ring expansions, (vide supra, Sect. 5.2.1, Eq. (77)).

5.3.2 Base Induced

The lithium and potassium salts of 2-vinylcyclobutanols underwent C, — Cg ring
expansion at 25-70 °C, providing an efficient method for the synthesis of 3-cyclo-
hexenol derivatives. Thus, reduction of 2-phenyl-2-vinylcyclobutanone 284a with
2 equivalents of Li-sec Bu;BH 3V in THF at —78 °C produced a mixture of diastereo-
meric cyclobutanol salts, which rearranged to 4-phenyl-3-cyclohexenol 286a upon
warming to room temperature. On the other hand, upon reduction of 2-methyl-2-
vinylcyclobutanone 284 b with Li- or K-sec Bu;BH, the system resisted rearrangement
even at 70 °C in the presence of hexamethylphosphoric triamide. However, when this
mixture was treated with a slight excess of methyllithium, the resulting salts underwent
smooth rearrangement to 2865 !52); alternatively, when 284b was treated directly

f 082ecBu,Li® oH
Li- secBuyBH {CH4Li)
—_—e
Z / (82)
R R R
284a R=CgHs 285a,b 286a 65-71%
b R=CH, b 2%
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with 1.15 equiv. each of Li-sec-BuyBH and CH;Li in THF —H,0—HMPT (9:1:5)
at 70 °C for 7 hr, 4-methyl-3-cyclohexenol 286 b was obtained in 729 yield, Eq. (82)
142)

Apparently, the borate complex 285a, b generated by reduction of 2845 was stable
to the rearrangement; methyllithium served to liberate the more reactive free lithium
alkoxide. In fact, this rearrangement was effected in good yield at room temperature
by employing the potassium vinylcyclobutanol salts, readily generated by reaction of
2-vinylcyclobutanones with 1.15 equivalents each of Li-sec-Bu;BH and CHjLi in
the presence of excess potassium ethoxide in THF —H,0—HMPT 42,

The utility of this stepwise C; - C, — Cs ring expansion has been demonstrated
by the synthesis of the optically active eudesmane sesquiterpene (—)-B-selinene 295
starting from the commercially available (—)-perillaldehyde 287'%%). Thus, addition
of the 1-lithio-1-methoxycyclopropane 136 (vide supra, Sect. 4.6.3, Eq. (44)) to 287,

OMe
C
CHO ot
+ 136 —— —r . _ -
N X n
288

287 289 67%
{—)Perillaldehyde

OH
OHH 0 "
d e 1
\ 291 ‘

292
290 96%
0 0
H
é@* ——
293 64.5% 294 46.6% 295 61%

Scheme 5. Synthesis of (—)-B-selinene %%

Reagents: a) THF, —78 °C; b) 48 % aq. HBF,, THF, 25 °C, 15 mn, 67 %; ¢) LiAIH,,
Et,0, 0 °C, 100%; d) KH, THF, reflux, 1 hr; &) MeCOMe, CrOs; f) ALOs, EtOAc-
Hexane (3:97), 64.5% from 294; g) Cul, MeLi, Et,0, BF,-Et,0, —70 °C, 46%;

h) NaH, DMSO, Phy,PCH,, Br™, 80 °C, 70 hr, 61 %
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followed by exposure of the crude product 288 to 59 HBF, in THF for 10 min,
yielded the 2-vinylcyclobutanone 289. It is noteworthy that this type of rearrangement
could be conducted under conditions that did not affect the sensitive isopropenyl
group. Reduction of 289 with LiAIH, yielded the 2-vinylcyclobutanol 290 as a 18: 82cis,
trans mixture, which upon treatment with potassium hydride in refluxing THF for
1 hr produced the cyclohexenol 291 by a base-induced C, — C, ring expansion.
Oxidation of 291 with Jones reagent yielded the nonconjugated enone 292 which was
converted to the conjugated enone 293 in 64.5% yield from 290 by rapid passage
through a short column of basic alumina. Conjugate addition of a methyl group,
accomplished by the use of CH;CuBF; 1> yielded the ketone 294 (as a mixture of
two stereoisomers with one highly predominating), in 46.6 % yield. Finally, Wittig
olefination in DMSO according to a procedure known to convert a cis-trans mixture
of such decalones to the trans epimer 155 converted the ketone 294 into the optically
active ([a)p = —49.5° [c = 6.55, hexane]) (—)-B-selinene 295 contaminated with
only about 5% of an isomer as shown by capillary G.C., (Scheme 5) '3

This type of rearrangement was even capable of counteracting the aromaticity of
the furan ring. Thus, the adduct 296 of 1-methoxycyclopropyllithium 136 to furfural
was rearranged with 59, HBF, in THF without much destruction of the sensitive furan
ring. The resulting 2-(2-furfuryl)cyclobutanone 297 obtained in 54 % yield from 736,
was reduced with LiAlH, to the cyclobutanol 298¢, and this compound was treated
with potassium hydride to yield the furanocyclohexenol 299, albeit in modest yield;
the tertiary alcohol 2984, from the addition of MeLi to 297, led, however, under
identical conditions exclusively to fragmentation products, Eq. (83) '3,

0
OMe
‘>I CH@ H,0® - 3 l LiAlH,
('IJH 0 0
296 297 54%
OH R OH
4 l KH, THE, 4 -~ | N\
0 0 (83)
6%
298a R=H 299 33%
b R=CHj

The stereoselective preparation of the decalol diene 305, which is a model compound
for an important intermediate in the synthesis of Compactin '*, the inhibitor of a
key step in the cholesterol biosynthesis 1*7, has also been achieved following this
strategy. Thus, 1,3-cyclohexadiene-2-carboxaldehyde 300 was reacted with 136 to
give the cyclopropylcarbinol 301, which was rearranged to the acid sensitive cyclo-
butanone 302 in dilute acid, in 52 %, overall yield from 300. Then, the major reduction
product obtained from 302 with LiAlH,, i.e., the trans-cyclobutanol 303, underwent
C, — C¢ ring enlargement in the présence of KH in refluxing THF to give the axial
and equatorial cyclohexenols 305 and 306 in a ratio of 92:8. The cis-cyclobutanol 304,
formed uncontaminated with the trans-isomer 303 by reduction with K-selectride,
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was reacted with KH under similar conditions to give the same cyclohexenols 305
and 306 in a ratio of 72:28. Thus, the readily available 2-(1,3-cyclohexadien-2-yl)-
cyclobutanone 302, provided rather stereoselectively and efficiently the compound
305, a precursor to compactin (Scheme 6) 133,

?H
CHO C
+ 136 <~ ©/ W<] .
OMe

300 301 302 (52%)
303 95% . : 305

trans 303 93% (92 : 8)
cis 304 93% {72 : 28)

Scheme 6. Synthesis of a compactin precursor **3
Reagents: a) THF, —78 °C; b) 489, HBF,, THF, 0 °C, 20 min. 52%; c) LiAlH,,
Et,0, 0 °C, 93%; d) KH, THF, reflux, 1 hr, 93,

5.3.3. Thermal

Reaction of a(n-butylthiomethylene) cyclohexanone 307 with l-phenylthiocyclo-
propyllithium //6a did afford the desired adduct 3084 efficiently, but, the expected
C; — C, ring expansion into cyclobutanone 370 could not be effected cleanly, probably
because the intermediate cation 3094 was more stable than its analogue without the

SBu SBu gBu
Li
X — —
0 X
HO X X
307 116a X =SPh 308a X=SPh 309a,b
136  =0CH, b =0CH, 84)
SBu SBu SBu
0
TMSCN 14
Znly 21nBu,N®F®
0 TMSO CN
310 64% 3n 312 59%
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sulfur atom %'-%2), Better results were obtained by the use of 1-methoxycyclopropyl-
lithium 136 providing 308 b which, upon treatment with a 48 %/ aqueous HBF, solution
in THF (1:4) ™, led via 3095 to the spirocyclobutanone 310 in 64 %, yield. The deriva-
tive of the cyclobutanone chosen for the C, — C4 ring expansion was the easily
prepared, trimethylsilyl cyanohydrin 311, which had the requisite electron withdrawing
group %8, Thus, 3/0, was mixed with 1.5 equivalents of trimethylsilylcyanide
(TMSCN) and a catalytic amount of Zul, ; the resulting mixture was added to an-
hydrous diglyme and refluxed for 2.5 hr to give, after treatment with n-Bu,N*F~
the cyclohexenone 312 in 59 % yield (Eq. 84)) 1%

5.4 Involving C; — C, — C; Ring Expansions

5.4.1. Base Induced

There are several important classes of natural products, which contain eight-mem-
bered rings, but, owing to unfavorable entropic factors as well as large increases in
enthalpy resulting from transannular and torsional strain, the syntheses of cyclooctanes
from acyclic precursors were only marginally successful 19, Recently a novel and
versatile cyclooctane synthesis has been developed, based upon the anionic oxy-Cope
rearrangement of 1,2-dialkenylcyclobutanols, now readily available from 2-vinyl-
cyclobutanones, products of C; — C, ring expansions of 1-donor substituted cyclo-
propane derivatives. For instance, reaction of 2-methyl 2-(2-methylpropen-1-yl)-
cyclobutanone 31397 with vinyllithium afforded essentially the trans-divinyl-
cyclobutanol 374 in nearly quantitative yield. Treatment of 314 with potassium hydride
in THF at room temperature resulted in rapid rearrangement to the (Z)- and (E)-
cyclooctenones 315 and 316, in a 79/21 ratio, which were isolated in 62 % overall yield
from the cyclobutanone 313 (Eq. (85)) 1%V,

o OH
J
| + CHy=CH—L] ——— S KH , THF , 25°C
313 314
Q 0
2
315 82% (79 : 21} 316

The facile rearrangement of these cyclobutanols was somewhat surprising in view
of the observation that trans-1,2-divinylcyclobutanes do not undergo Cope rear-
rangement, but instead react predominantly via [1,3])-shift processes at elevated
temperatures %2, It is reasonable to assume that 314 is a trans-dialkenylcyclobutanol
and that the rearrangement to cyclooctenones presumably occurred via initial isomeri-
zation to the cis-isomer and subsequent Cope rearrangement, since no products
resulting from [1,3]-rearrangements were detected in these reactions 2. More readily,
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after reaction of 5-methylenespiro[3.5]nonan-1-one 3/7 with vinyllithium a mixture
of bicyclo[6.4.0dodec-1(8)-en-4-one 320 and 5-(2-methyl-1-cyclohexen-1-yl)-1-penten-
3-one 327 was isolated in 78 9 yield and in a ratio of 44/56; presumably, 320 was
formed via the rapid oxy-Cope rearrangement of the intermediate cis-divinylcyclo-
butanol 378, while the ring-opened ketone 327 was produced via a retro-ene reaction
of the intermediate trans divinylcyclobutanol 319, Eq. (86) '°V.

\\ OH
0 Ho-
+ CH;=CH—Li — +
378 379

320 78% (&4 @ 56) 3271

317

(86)

Whatever the case, the formation of the cyclooctenone 320 from the cyclobutanone
317 constituted the first example of a one-step C, — Cg ring expansion. In the same
way, the spirocyclobutanone 266 °*-7%, was treated with vinylmagnesium bromide to
generate a mixture of the diastereomeric cyclobutanols 322 and 323 in 787, yield
(ratio 21/79). Each diastereomer, separated by HPLC, individually subjected to KH
in THF at room temperature, rearranged cleanly to bicyclo[S.3.1Jundec-1(11)-en-4-one
in 80%, yield, Eq. (87) V.

8CHZ=CHMQBF 8/ ‘/\ I @

322 78% (21 : 79)323 324 80%
87

5.4.2. Thermal

This methodology has been illustrated by the total synthesis of poitediol 334, a
sesquiterpene diol isolated from the red seaweed Laurencia Poitei 163) Thus, stereo-
selective reduction of the cyclohexenone 325 with DIBAH in Et,O at —100 °C and
cyclopropanatton % afforded in 60% yield a separable mixture of norcaranols
326a, b (8:1 ratio). Oxidation of the major compound with PCC in CH,Cl, "
and addition of vinylmagnesium bromide gave the norcaranol 327 (77 % yield), which
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underwent quantitative C; —» C, ring expansion to the bicyclo[3.2.0]heptanone 328
upon treatment with 1 equivalent of BF; - Et,0. Addition of lithium acetylide gave
the 1-alkynyl-2-vinylcyclobutanol 329 which, underwent unprecedented oxy-Cope
rearrangement on simple heating in hexane at 50 °C for 4 hr to give in 55%; yield the
cycloocta-4,7-dien-3-one 330. Geminal dimethylation and carbonyl transposition
were achieved by addition of methyllithium, oxidative rearrangement with PCC and
reaction with dimethylcuprate to afford the enone 3317 in 74 % overall yield. Reduction
with DIBAH in ether at —78 °C and benzylation followed by epoxidation with
MCPBA afforded a 3:2 mixture of the isomeric epoxides 332, which were treated
with LiEt;BH. After separation, the suitable diastereomer of the corresponding
alcohol was successively protected as a SEM ether 1%, debenzylated and oxidized
(DMSO~(COCI),) 199 to give the cyclooctanone 333 in 54 % overall yield. Introduction
of the a-methylene group was accomplished in 60 % yield by enolate formation with
LDA, quenching with formaldehyde and dehydration of the intermediate alcohol.
Finally, reduction with DIBAH produced a separable 1:1 mixture of alcohols which

were deprotected to afford (+) poitediol 334 and (4 )-4-epi poitediol 335, (Scheme
7) 166).

Q MeQ ?H / OH RN
MeQ MeO 0.
a,b c,d e \]t
325

m\ 326a,b 60% 327 7% 328 9%
0
1 HO @ p:z l-n
—_— — —-———» ———i
329 330 50-60% 331 7%
PhCH,0 OSEM QH QH
HO i HO._ i
sz =R i]%
332 0% 333 54% 334 1% 335 2%

Scheme 7. Synthesis of (+) poitediol 1%

Reagents: a) DIBAH, Et,0, —100 °C; b) Et,Zn, CH,l,, toluene, 60 °C, 60%;
¢) PCC, CH,Cl,; d) CH,=CHMgBr, THF, 77%; ¢) BF;-Et,0, 99%; f) LiC=CH,
THF, —30 °C, 5 min; g) hexane, 50 °C, 4 h, 50—609%;; h) MeLi, Et,0, —78 °C;
i) PCC, CH,Cl,; k) LiMe,Cu, Me,S, Et,0; 1) DIBAH, Et,0, —78 °C; m) KH, THF,
PCH,Br; n) MCPBA, CHCl;; o) LiEt;BH, THF; p) SEMC], i-Pr,NEt, THF, 50 °C
q) Na, NH;; r) (COCl),, Me,SO, —78 °C, 54%;; s) LDA, THF, CH,O; t) Me;SiCl,
i-Pr,NEt, 60%; u) DIBAH, hexane, —78 °C; v) 0.1 M HCIl, MeOH.
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5.5 Involving C; — C; Ring Expansions

5.5.1 Introduction

The thermal vinylcyclopropane-cyclopentene rearrangement was discovered by Neu-
reiter in 1959 7). After many mechanistic and theoretical studies '*®), this thermal
C; —» Cs ring expansion was incorporated into many useful synthetic schemes.
Various hetero analogues of the vinylcyclopropane system have also been investigated ;
the rearrangements of cyclopropyl ketones and cyclopropyl imines, for instance,
provided useful synthetic methods to dihydrofurans and dihydropyrroles, respecti-
vely 192179 Photochemical and transition metal promoted rearrangements of vinyl-
cyclopropanes have also been emphasized **¥. Although the thermal vinylcyclo-
propane rearrangement usually required a free energy of activation of 48 to 53 kcal/mol
and occurred between 250-600 °C ') dramatic acceleration has been obtained for
the ring expansion of 2-alkoxy and 2-carbanion-substituted vinylcyclopropanes
providing cyclopentenes with high yield and stereospecificity at 25 °C and —30 °C,
respectively 17V,

This section is concerned only with the thermal rearrangements of 1-trimethyl-
siloxy, 1-alkoxy-, 1-phenylthio- and 1-trimethylsilylvinylcyclopropanes into cyclo-
pentene derivatives, which occurred either on heating in the liquid phase (sealed tube)
at about 300 °C for 30 min, or by passing through a conditioned hot tube at 300 °C
with a contact time of 4 sec or by flash thermolysis at 600 °C for 10 m sec .

5.5.2 Via 1-Trimethylsiloxyvinylcyclopropanes

It has been shown that l-vinylcyclopropanols underwent thermal rearrangement
into cyclobutanones (vide supra, Sect. 5.1.1, Eq. (68)) *), an alternate pathway, how-
ever, was followed with a trimethylsilyl protected hydroxyl group providing the
regiospecific formation of a silyl enol ether of a cyclopentanone. Moreover, the 1-
trimethylsiloxy group on the cyclopropane ring appeared to facilitate the rearrange-
ment by 5 kcal/mol 172, whereas it hampered the rearrangement by 3 kcal/mol when
placed on the double bond of the vinylcyclopropane system 7). This driving sub-
stituent effect of the siloxy group was illustrated by the thermal rearrangement of the
1-(2-cyclopropylvinyl)-1-trimethylsiloxycyclopropane 336, which led exclusively to the
3-cyclopropylcyclopentanone silyl enol ether 337, although two vinylcyclopropane
moities could a priori be involved in the rearrangement, the isomer 338 was not obtain-
ed, Eq. (88) 1%,

OSiMe3
4 x A Y
7
0SiMe; 0SiMe,
337 336 338

(88)
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Acid or base hydrolysis of the thermolysis products, i.e., the 1-siloxycyclopentenes,
unmasked the carbonyl group and provided the corresponding cyclopentanones *°:
43.174) " while dehydrosilylation led to cyclopentenones 3% %, On the other hand,
treatment either with methyllithium !>, n-butyllithium '’ or lithium amide in
ammonia **® a]lowed the generation of the corresponding lithium enolates, which
could then be alkylated regiospecifically to introduce further alkyl groups leading to
2,3-disubstituted cyclopentanones. Alternatively, the cyclopentanone enol silyl ethers
have also been alkylated directly in the presence of Lewis acids 177

Because of the discovery of a growing number of naturally occurring substances of
biological importance that contain the five-membered ring moiety 17, the synthesis
of cyclopentanoid compounds is a subject of present interest. Indeed, among the
various approaches recently investigated, the thermal vinylcyclopropane-cyclopentene
rearrangement of readily available 1-siloxy-1-vinylcyclopropanes (vide supra, Sect.
4.1.5) constitutes an efficient three-carbon annelation process 17,

5.5.2.1. From the Cyclopropanone Hemiacetal

Aside from the ready preparation of some a,B-disubstituted cyclopentanones, the
utility of the cyclopropanone hemiacetal approach has been illustrated by the total
synthesis of the methyl ester of 11-deoxyprostaglandin E, 342 !®). Towards this end,
1-trimethylsilylbutadiynylcyclopropanol 13, readily available from the cyclopropan-
one hemiacetal 3 (vide supra, Sect. 2.1, Eq. (6)) was successively treated with dihydro-
pyran in CH,Cl, in the presence of 109, mol. equiv. of PPTS 1°0. Desilylation by
potassium fluoride in DMF 3%, formation of the lithium salt with »n-BuLi and con-
densation with hexanal gave the propargylic alcohol 339 in 64 % overall yield. The

[>l = ==—SiMe, —*—» ==-—==—CH—CgH, — T
OH OTHP OH
13 339
OSiMe3 OSiMe3
A N .
————rrr—r— -
0SiMe,
340 S
OSiMEQ

9 341

342 OH

Scheme 8. Synthesis of (£) 11-deoxyprostaglandin E, methyl ester '

Reagents: a) DHP, PPTS, HCCl,, 100%; b) KF, 2 H,0, DMF, 91%; ¢) n-BuLi,
THF, CH3(CH,),CHO, 70%; d) EtOH, PPTS, 55 °C, 95%; e) LiAlH,, THF, 65 °C,
86.5%; f) CISiMe;, NEt;, DMSO, 82,5%; g) Flash vacuum pyrolysis at 600 °C,
100 %; h) NH,Li, NH,, methy! cis-7-bromo-5-heptenoate, 44.5%.
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conversion of 339 to I-trimethylsiloxy-1-(5-trimethylsiloxydeca-1,3 dienyl) cyclo-
propane 340 involved the removal of the THP protecting group °"), and lithium
aluminum hydride reduction of the two triple bonds followed by double silylation in
the presence of DMSO #9. Flash thermolysis of 340 at 600 °C provided the prosta-
glandin precursor 341 in nearly quantitative yield (~95 %); the overall yield from 13
was 44 %, Finally the lithium enolate generated in liquid ammonia by reaction of
34] with lithium amide '*® was alkylated with a four-fold excess of methyl (Z)-7-
bromo-5-heptenoate to yield a ca. 50:50 diastereomeric mixture of the 11-deoxy-
prostaglandin E, methyl esters 342 and its C,s-epimer, (Scheme 8) 15

It is noteworthy that the regio- and stereoselectivity of the allylation of 341 was
recently improved by using the Pd-catalyzed coupling reaction of the corresponding
lithium cyclopentenolate-BEt; complex with the appropriate (Z)-allylic acetate,
which provided 342 in 74 % yield 17®.

5.5.2.2 From Oxaspiropentane

Ring opening of the oxaspiropentane 343 upon treatment with sodium phenylselenide
(vide supra, Sect. 4.5, Eq. (34)) *® and O-silylation produce the vinylcyclopropanol
trimethylsilyl ether 344 which, on flash thermolysis at 670 °C, gave the siloxycyclo-
pentene 345 asa 2: 1 mixture of epimers at Cg). Then, allylation of the more substituted
enolate arising from 345, opens a convenient way to the antitumor agent, aphidicolin
346 181,

) OTMS
1} PhSeNo . DME 670°C
— - —_—
. 2] MeC(OTMS}I==NTMS P A
O’ 1 O’ : :
! H
\}\O/ \1\0/
343 344 56%
OH
oH
OTMS Z><\
H — H
oY H HO”~ : x—‘li
[}
o/ HO/
345 97% 346  20%

Scheme 9. Synthesis of (+) aphidicolin 3"

5.5.2.3 From 1-Hydroxycyclopropylcarbonyl Derivatives

It has been shown that I-hydroxycyclopropanecarboxaldehyde derivatives 171
underwent Wittig olefination with cyclohexylidenephosphorane (vide supra, Sect. 4.7,
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Eq. (55)); the O-silylated derivative %, (contrary to the corresponding oxaspiro-
pentane 110 (vide supra, Sect. 3.5, Eq. (33)) readily led to the 1-siloxyvinylcyclopropane
111, which upon thermolysis regioselectively gave the silyl enol ether of spiro[4.5)-
decan-2-one 347, Eq. (89) '),

OSiMe3
OSiMe3

- (89)
1 347 95%

The spiro compound 347 constitutes the basic carbon framework found in
sesquiterpenes of the spirovetivane and acorane class !, which have been the target
of many syntheses ®%. The thermal C; — Cs ring expansion 11/ — 347 was of

OMgl
/|
05' O——Sx———I
171c + — N e
348 O 739
OS/ OS/' !
{rans j
/1 \ !
—_Si—
\ |
Me3S|O Me;Si0 PR o
——
OSIM€3
352 78% 22%
/|
Qsi 0
\ |
0 L
354 355 70%
111)

Scheme 10. Synthesis of a Spirovetivane
Reagents: a) Et,0, 0 °C; b) i, Ac,0, pyridine, r.t.; ii, DBN, C¢Hs, 80 °C, 24 h, 73%;
¢) i, LDA, DMF, 0 °C; ii, CISiMe,, NEt;, 0 °C, 100%; d) F.V.T., 600 °C; e) NEt;,
MeOH, 30 °C; f) i, IMgCHj,, Et,0; ii, pTsOH, C4Hy, 80 °C, 70 %.
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particular advantage in that it directly provided a spiroketone with the carbonyl
group in the 2-position as found in spirovetivanes such as 355. The latter is a constituent
of Vetiver oil and plays a significant role in the reconstitution of this essential oil;
in addition it constitutes a particularly convenient intermediate for the synthesis of
biogenetically related spirovetivanes of economic importance such as a-vetispirene,
B-vetivone, hinesol, agarospirol, etc. 8¢

The stereoselective total synthesis of the challenging spiroketone 355 has been
achieved from 1-(t-butyldimethylsiloxy)cyclopropanecarboxaldehyde 171 ¢ (vide supra,
Sect. 4.7, Eq. (55)). Thus, trapping of the enolate anion 348 resulting from the cuprous
iodide-catalyzed addition of methylmagnesium iodide to 2-cyclohexen-1-one with
171 ¢ afforded the ketol 349, which was treated with successively acetic anhydride in
pyridine and with 1,5-diazabicyclo[4.3.0]non-5-ene in refluxing benzene, to produce
the enone 350 in 73 % overall yield from 171 c. Ketone 350 was converted into the silyl
enol ether 35/ upon reaction with lithium diisopropylamide in DME and trimethyl-
silyl chloride in NEt; at 0 °C. Flash thermolysis at 600 °C quantitatively gave a mixture
of the spirocyclic bissilyl enol ethers 352 (78 %) with the desired stereochemistry and
353 (22%,), resulting from the preferential rearrangement to the less sterically shielded
side of the six-membered ring of 35/. On the other hand, flash thermolysis of the enone
350 produced a substantial amount of desilylated derivatives of 352 and 353. Highly
chemoselective desilylation to the epimeric cyclohexanones 354 was achieved upon
treatment with 0.1 M triethylamine in methanol 87 at 30 °C for 48 hr. Finally addi-
tion of methylmagnesium iodide, followed by dehydration of the corresponding
epimeric alcohols and desilylation on treatment with p-toluenesulfonic acid in reflux-
ing benzene provided a mixture of spiroenones, from which the expected spiroenone
355 was isolated in 709 yield, (Scheme 10) *'1),

The accessibility to 2,3-disubstituted — and 4,5-disubstituted 2-cyclopentanones
by this thermal C; — Cs ring expansion has been illustrated by the syntheses of
dihydrojasmone °?), cis-Jasmone °* and dicranenone A %8,

Jasmonoids, important raw materials in the perfume industry, are among the best
known and most often synthetized members of the cyclopentanoid class, because
these simple compounds incorporate the 2,3-dialkylated cyclopentanone and cyclo-

OTHP OSiMe,
7 e DX
C=CH~~CH3 ?:CH‘W"‘CH3
I
CsHy CsHi
177 356 96%
0SiMe; Q
CsHy
—-———d———P
358

357

Scheme 11. Synthesis of Dihydrojasmone %%

Reagents: a) EtOH, PPTS, 55 °C, 6h, 1009;; b) CISiMe,;, NEt;, DMSO, 96%;
¢) F.V.T. 600 °C; d) 0.5 equiv. of Pd(OAc),, 0.5 equiv. of p-benzoquinone, CH;CN,
929
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pentenone units found in a large number of biologically active natural products.
Dihydrojasmone for example, was also prepared from the readily available 1-hydroxy
vinylcyclopropane derivative 177 (vide supra, Sect. 4.7, Eq. (57)). Thus, removal of
the THP protecting group %) and 0-silylation *% gave a E,Z mixture of the disubsti-
tuted I-trimethylsiloxy 1-vinylcyclopropane 356. Flash thermolysis at 600 °C of the
isomeric olefins mixture produced exclusively the cyclopentanone silyl enol ether
357 which, on treatment with patladium acetate and p-benzoquinone yielded dihydro-
jasmone 358 in 88 % overall yield from 1776, (Scheme 11) 9.

The synthesis of cis-jasmone from the aldehyde /775 was realized as shown in
Scheme 12. First of all, 1715 was treated with ethylidenetriphenylphosphorane to
produce the (E,Z)-olefin 3594, cleavage of the THP group '°V and O-silylation 8%
led to the l-trimethylsiloxy-1-vinylcyclopropane 3595 in 929 overall yield. Flash
thermolysis gave the 3-methyl-1-trimethylsiloxycyclopentene 360 and addition of
phenylselenenyl bromide '8 the 3-methyl-2-phenylselenocyclopentanone 361. Treat-
ment of crude 367 with LDA in THF containing 2 equivalents of HMPA followed
by alkylation with cis 2-pentenyl bromide resulted in the formation of cyclopentanone
362 in 89 Y overall yield. Unfortunately, oxidative elimination of the a-selenocyclo-
pentanone 362 gave a mixture of endo and exocyclic enones; however, this defect
was easily corrected by the procedure of Liotta which allows the isomerization
362 — 363 upon treatment with LDA in THF-HMPA at —78 °C *®. Elimination
by a two phase system containing methylene chloride and 309, hydrogen peroxide
gave the cyclopentenone 364 which was isomerized to jasmone 365 by sodium meth-
oxide in methanol, (Scheme 12) %%,

0SiMe, 0

OTHP OR SeCgHs
X ==X _ = (O = -

CHO CH=CH-~CH3
171 b 359a R=THP 360 361

b R=SiMe, (92%)

0

eCels CHsSe

— . == h
362 8%
@/\_/\
365 83%

Scheme 12. Syntheses of cis-jasmone %2

Reagents: a) CH;CH=P(C4Hs);; THF, reﬂux, 18 h, 84%; b) EtOH, PPTS, 55 °C;
¢) ClISiMe;, NEty, DMSO, 929%; d) FVT, 600 °C; e) C¢H;SeBr, Et,0, —78 °C;
f) LDA, THF, HMPA, cis 2-pentanyl bromide, —78 °C, 2 hr, r.t., 15 hr, 89%;
g) LDA, THF, HMPA, —78 °C; h) 30% H,0,, CH,Cl,; i) NaOCH,, CH,0H, r.t.,
839
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The dicranenones, which constitute a new class of fatty acids containing a cyclo-
pentenone ring with a structural similarity to prostanoids and jasmonoids, have
recently been isolated from Japanese mosses, and possess antimicrobial activities **V),
With respect to the synthesis of dicranenone A, the ethyl-E-3-(1-tetrahydropyranyl-
oxycyclopropyl)prop-2-enoate 219, readily available from the aldehyde 1715 (vide
supra, Sect. 5.11, Scheme 1), was successively deprotected (EtOH, PPTS '°") and
O-trimethylsilylated (CISiMe;, NEt;, DMSO '89). Reduction of the ester group
with DIBAH and silylation of the resulting allylic alcohol led to the (E)-disiloxyvinyl-
cyclopropane 366 in 78 %, overall yield from 279. Upon flash thermolysis at 600 °C,
366 underwent quantitative, regiospecific ring expansion into the cyclopentenol silyl
ether 367. Alkylation of 367 with (Z)-pent-2-enylbromide in the presence of zinc
bromide '°V gave the expected 2-allylcyclopentanone in only 20—40%; yield. In an
alternative approach, however, the copper salt-catalyzed cyclopropanation of 367 with
ethyl diazoacetate '°* in refluxing benzene gave the ethyl cyclopropanecarboxylate

OTHP 0SiMe, 0SiMes
a-d e 1
—_— ————
[></\c025t [></\CHZOSiMe2’tBu g
219 366 78% 367 CH,0SiMe,tBu
Me,Si0 /CO?Et 9 g, .0
i - - -
9 & e é SN 25
CH, 0SiMe;, tBu CH,OH CH, X
368 75% 369 99% 370a X=OH 73%
b X=Br

¢ X=C=C—H 8%

J - 0
0 0
E_(CHz)L'—‘ E_—'(CHz)L—COOH

371a R=CIOCH,); CCH, 372 3%
b R=CH,0THP 61%

Scheme 13. Synthesis of (+) dicranenone A %8

Reagents: a) EtOH, PPTS, 55 °C, 95°%,: b) Me,SiCl, NEt;, DMSO, 98%;; c) iBu,AlH,
Toluene, —60 °C; d) CISit-BuMe,, imidazole, DMF, 20 h, 93%; €) 600 °C; f)
Cu(MeCOCH,COMe),, CcHg, 80 °C, ethyl diazoacetate, 75%; g) EtOH, ClISiMe;,,
r.t. 12 hr, 99%; h) HOCH,CH,OH, CsH,, pTsOH, 80 °C; i) CISitBuMe,; j} LiAlH,,
THF: j) LiAlH,, THF, 65 °C, 1 h; h) DMSO, (COCl),; 1) EtCH=PPh;, 73%;
m) pTsCl, pyridine, 0°C, 82%; n) LiBr, Me,CO reflux, 12hr, 929%;
0) LiC=CH—NH,CH,CH,NH,, (1.5 equiv.) DMSO, 8 °C; p) »n-BuLi, THF, 0 °C,
I-(CH,)R, 23%; q) : i, n-BuLi, THF, 0 °C; ii, B{(CH,)sOTHP];, THF; iii, I,, ether
—78 °C, 61%; r) : i, CH;COOH/H,O/THF 6.5:2.5:1.0, 45 °C: ii, DHP, pTsOH,
CH,Cl,, r.t.,80%;s)i, LDA, THF, —78 °C; ii, PhSeCl; iii, H,0,, pyridine, CH,Cl,,
r.t., 55%;t) i, p-TsOH, CH;0H, r.t., 82%; ii, CrO;-H,S0,, acetone, —20 °C, 947,
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368 in 75 % yield. On simple addition to ethanol acidified by a drop of CISiMe;, 368
underwent desilylation and regiospecific opening of the cyclopropane ring to afford
the y-keto ester 369. Acetalization with ethylene glycol in the presence of PPTS %),
followed by reduction and oxidation gave, atter Wittig olefination of the correspond-
ing aldehyde with salt-free n-propylidenetriphenylphosphorane !*#), the acetal 370a
in 739 overall yield from 369. Tosylation and treatment with lithium bromide in
acetone, followed by acetylenation with the lithium acetylide ethylenediamine complex
in DMSO 1% led to the propyne derivative 370c in 859 yield. Alkylation of the
terminal acetylenic carbon with the ortho-ester prepared from 5-iodopentanoic acid
chloride and 3-methyl-3-hydroxymethyloxetane *°® gave the orthoester 37/ ¢ in 23 %
yield 18, while alkylation with tris{S-(tetrahydropyran-2-yloxy)pentyl]borane follow-
ed by oxidation with iodine gave 371 b in 61 % yield '*". Final steps toward the dicrane-
none A 372 involved introduction of the double bond at the required position in the
five-membered ring; thus, for instance the cyclopentanone obtained after deacetaliza-
tion of 371 b was treated with LDA at —78 °C and the correspondingkinetic enolate '°”
was trapped with PhSeCl and oxidized with hydrogen peroxide '°®). After removal of
the THP group (p-TsOH, CH;0H, r.t.) and oxidation with Jones reagent, the racemic
dicranenone A 372 was obtained in 34 % overall yield from 3715, (Scheme 13) 5%,

5.5.3 Via 1-Phenylthiovinylcyclopropanes

As shown in Eq. (35) (vide supra, Sect. 4.6.1) 1-arylthiocyclopropyllithium /16 reacted
with carbonyl compounds to provide, after dehydration, 1-arylthiovinylcyclopropane
derivatives which were also able to undergo thermal C; — C, ring expansion to cyclo-
pentenol thioethers 2. In principle, these enol thioethers can be desulfurized
to yield regiospecifically generated cyclopentenes '*®), hydrolyzed to give regio-
specifically generated cyclopentenones 2°? or hydrogenated to cyclopentanes. The
regioselectivity of this annelation process which parallels that based upon the
oxaspiropentane intermediate (vide supra, Sect. 5.5.2.2) and its high stereoselectivity
which enhanced the utility of this approach have been discussed in a recent review on
this topic ®*®. The thermal rearrangement of B-~(I-phenylthio)cyclopropylenones,
however, was shown to afford a mixture of cyclopentenoid products. For instance, all
attempts to effect the thermal ring expansion of 373, a precursor of the challenging
spiro[4.5]decane skeleton (vide supra, Sect. 5.5.2.3) gave at best a 99 yield of the
incompletely characterized phenylthiocyclopentene 374, Eq. (90) 5. (For comparison
see Eq. (89) and Scheme 10).

PhS
SPh
4 (90)
373 O 374 9%
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5.5.4 Via 1-Trimethylsilylcyclopropanes

Contrary to the accelerating effect of the trimethylsiloxy group (vide supra, Sect. 5.5.2,
Eq. (88), the trimethylsilyl group retarded the thermal vinylcyclopropane rearrange-
ment, as it exerts a destabilizing effect on the diradical formed after rupture of the
cyclopropane ring *°". Consequently, on the pyrolysis of Il-cyclopropyl-1-(1-tri-
methylsilylcyclopropyl)ethylene 375, the opening of the unsubstituted three-membered
ring was kinetically favored to initially lead to 376 and ultimately to 377; the inter-
mediate vinylsilane 378 and allylsilane 379 involving initial rearrangement of the

silylcyclopropane moiety were not observed, indicating clearly that ki > kg, Eq.
91) 81, 202).

SiMe;
K > k
k5'>k SiMey K
378 SiMey 375
/ Me;Si L
SiMe,
379 377
on

Under controlled conditions, vinylsilanes such as 377 undergo regioselective
electrophilic substitutions. Thus, acetylation by means of acetyl chioride and alu-
minum chloride in CH,Cl, at —78 °C afforded 380, while bromination led to the
vinyl broniide 381. Epoxidation with m-chloroperbenzoic acid efficiently transformed
377 into a 60:40 mixture of the epimers of 382, Eq. (92) 8.

0
Br
CH3COCL . Br, /CH,C13
AlCl3 ~78°C 377 - 78 Oé
380 30% 387 30%
MCPBA, CH,Cly
0 /SiMeg
H 65%
382a B
b «-H (92)
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Furthermore, such vinylcyclopropanes have also successfully been used for the
stereoselective construction of quaternary carbon centers such as those which occur
in many spirovetivane-type-sesquiterpenes '*%. Thus, the (Z)-1-[1-(trimethylsilyl-
cyclopropyl)methylene]-2,6-dimethyl-2-cyclohexene 160, readily available from the
1-trimethylsilylcyclopropanecarboxaldehyde 156 (vide supra, Sect. 4.6.4, Eq. (51)),
underwent thermal bond reorganization upon heating to 560 °C in a tube packed with
quartz chip to yield a 4:1 mixture of the spirocyclic vinylsilanes 383 and 384. The
predominance of 383 signalled again preferential rearrangement to the less sterically
shielded side of the six-membered ring of 160 ¥V (vide supra, Sect. 5.5.2.3, Scheme
10). Various attempts to acylate 383 chemospecifically at its vinylsilane center under
Friedel-Crafts conditions failed; similarly exposure to bromine, iodine, cyanogen
bromide and dichloromethyl methylether-TiCl, 2°® led only to formation of tarry
products ®), Since o, B-epoxysilanes can usually be converted into carbonyl com-
pounds 2°9, the synthesis of 386 was pursued as a possible route to the challenging
spirovetivane 355. To this end, epoxidation of 383 and 384 with 3 equivalents of
m-chloroperbenzoic acid in CH,Cl, provided the diepoxide 385. Selective cleavage
of the cyclohexane-annellated oxirane ring was accomplished by treating 385 with
dipheny! diselenide and sodium borohydride in ethanol 2°%), the resulting B-hydroxy
selenide then underwent reductive elimination 2°® to afford 386 in 459, yield. Un-
fortunately, a variety of protic and Lewis acid catalysts known for their efficiency in
transforming o, B epoxysilanes to carbonyl compounds 2°% did not give the expected
spirocyclopentanone 355 (For comparison see Scheme 10). In related studies, copper-
mediated reactions of isopropenyl magnesium bromide and isopropenyllithium with
386 gave no evidence of coupling product, Eq. (93) *1.

SiMe, SiMes
SiMe, 4 \g MCPBA
— + L —————
- CH,ClL,
160 383 384
SiME3 Me3S|'
0 0
HaC CHs —_— —Z— 355
0
%93)
385 98% 386 L5%

However, an efficient synthesis of the spirovetivane-sesquiterpene o-Vetispirene
392 was achieved initiating the cleavage of the silicon-cyclopropane carbon bond of
160 by fluoride ton. This was effected with anhydrous tetra-n-butyl ammonium fluoride
in THF solution containing acetone at reflux temperature for 10 hr. The pentadienyl
anion 387 thus generated experienced highly regioselective addition of acetone at the
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cyclopropyl carbon atom, thereby avoiding the development of methylenecyclo-
propane moiety and providing the isomerically pure alcohol 388 in 90%, yield. Sub-
sequent conversion to the methyl ether 389 with sodium hydride and methyl iodide,
thermal C; — Csringexpansion at440 °C produced a 5: 1 mixture of the cyclopentenes
390 and 391 in quantitative yield, which upon exposure to p-toluenesulfonic acid in
benzene for 25-30 min at 5-20 °C yielded a mixture of the ( +)--vetispirene 392 and

its C,,-epimer (ratio 5:1), (Scheme 14) 89-91),

OH

MeQ

160 —S» ——

388 90% 389

OMe
)
435-440°C ’ L —.
390 391 392 100%

Scheme 14. Synthesis of (4 )-x-vetispirene
Reagents: a) By, N*F~, CH;COCH;, THF, reflux, 10 hr, 90%; b) :i, NaH, THF,
HMPT, —20 °C; i, CH;1, 0 °C, 100 %; ¢) pTsOH, C4Hg, 10 °C, 5 hr, 100 %.

5.5.5 Miscellaneous

Metal-promoted vinylcyclopropane C; — C; ring expansions have been reported.
Thus, ethyl 2-methoxy-2-vinylcyclopropanecarboxylate 393 rearranged to a 2:1
mixture of 3-methoxy-2-cyclopentenecarboxylate 396 and 3-methoxy-3-cyclopentene-
carboxylate 397 on heating at 160 °C in the presence of catalytic amounts of copper
bronze or copper(I) chloride; in contrast, platinum and rhodium complexes catalyzed

OMe
J></ ~—— MeQ
Et0,C
393
MeC M H
MeQ._ \
CO Et =-— —_ CO,Et
CO,Et
396

395 397
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the ring opening with subsequent H-migration to yield the ethyl 4-methoxy-3,5-
hexadienoate 398. This dichotomy and the production of both 396 and 397, rather
than only the vinylcyclopropane-cyclopentene rearrangement product 397 was
consistent with the generation of the intermediate 395 from the initially formed
n>-allyl metal hydride complex 394 2°7) (Eq. (94)) 2°%.

The dicyclopropyl ketimine /98 prepared from the O,N-cyclopropanone hemiacetal
194 (vide supra, Sect. 4.9, Eq. (62)), heated in xylene with ammonium chloride for 4 hr
underwent ring expansion exclusively to the enamine 399 followed by isomerization
to the cyclopropyl pyrroline 400. Although further ring expansion was not observed
on prolonged heating, 400 was converted to the hydrobromide 401 with anhydrous
HBr 2% which upon heating to 140 °C for 10 min experienced a second cyclopropyl
imine rearrangement to provide the pyrrolizidone 403 in 51 % yield, most probably
via the HBr adduct 407 by cyclization to the pyrroline 402 followed by acid-induced
hydrolysis, Eq. (95) 12,

NH —_— —_— -
Br N N
401 402 403 51%

95)

This sequence opened a route to pyrrolizidines that are of obvious interest in natural
product synthesis. The effects of substituents in determining the preferred opening
(A versus B) of the cyclopropyl rings of the dicyclopropyl ketimines 404 have been
examined. Thus, on heating 4044, b in refluxing xylene to 140 °C for 1.5-5 hr, in the
presence of ammonium chloride, the pyrrolines 405a, b were obtained exclusively
through the rearrangement of the less substituted or thiophenyl-substituted cyclo-

NH b sPh
R R, Ry
4, NH.Cl + 7
AVANIET2ne R, N

404a R,=N ), Ry=H 405a 78% 406a —
(96)
b R=N ),R=SPh b 63% b -
€ Ry=H » R,=SPh c 28% c 22%
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propane rings (B), while with the substrate 404 ¢ a combination of steric and electronic
factors yielded a mixture of products 405 ¢ and 406 ¢ (Eq. (96)) 3%,

A completely different result was obtained when the dicyclopropyl ketimines were
subjected to acid-catalyzed thermolysis in the presence of a non-nucleophilic coun-
terion. Thus, on heating 4044, b in xylene with the dimethyl ether complex of fluoro-
boric acid, both substrates underwent rearrangement to pyrrole derivatives 407a, b
resulting from ring-opening of the cyclopropyl ring A containing the electron-releasing
piperidino group, in disagreement with previous reports 20%:219 Eq. (97) 12°),

Ry
404a,b ———-—-»”*";‘;;FB”" a, | \S—-k (97)
N
H
407a=32%
b= 42%

5.6 Involving Ring Openings

5.6.1 From Cyclopropyl Derivatives

It has been shown that the regioselective cyclopropanation of enol silyl ethers of a-
enones provided 1-donor substituted-vinylcyclopropanes which underwent base-
induced ring opening to provide specific o or a’-monomethylation of conjugated cyclo-
alkenones (vide supra, Sect. 4.3, Eq. (25)). On the other hand, epoxidation (H,0,)
and acid-induced (HCO,H) ring opening of vinylcyclopropane derivatives have been
used for the introduction of the allylic alcohol substituent of the prostaglandins PGE,
and PGF, #'!). Other useful synthetic applications of cyclopropane ring openings
have been reviewed ). It is noteworthy that 1-ethoxy-1-trimethylsiloxycyclopropane
2can act as a synthetic equivalent of the B-anion of ethyl propionate *®. Thus, addition
of 2 to carbonyl compounds was readily achieved with the aid of one equivalent of
titanium tetrachloride to provide y-lactones in high yields 2!2). Zinc homoenolates
of alkylpropionate 408 were also available from the reaction of 2 with zinc chloride

0SiMey I/\H/OR
Et;0
] > + ZnCl, —— ( )
2

Zn O

OEt
2 Ricogt CuBr—Me,S 408 0
or PdLn
CuBr—~Me,S
é HMPT
0 Me,Si0
R1/U\/\COZR
410
Ri=t-Bu COOR
Ph 409 78%
PhCH, CH,

>= (98)
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in ether: successive addition of a catalytic amount (59%,)) of CuBr—Me,S complex,
hexamethylphosphoric triamide (HMPT) and an unsaturated carbonyl compound at
0 °C led to the regiospecific silyl enol ether (>99 %) of 6-oxo esters, such as 409.
The addition of acyl chlorides under the same conditions led to 4-oxo esters 470 '3,
On the other hand, transmetalation of 408 with a catalytic amount of palladium (5 %
of PdCl,(0-Tol;P),) and coupling reactions with aryl-, vinyl- or acyl halides in THF
led to products 4/0 of homoenolate arylation, vinylation or acylation respectively,
Eq. (98) 214,

Although 2 was inert to tributyltin chloride 2!*), reaction of the readily available
1-vinylcyclopropanols 69a, b (vide supra, Sect. 4.1) with trimethyl- or tributylstannyl
chloride in ether in the presence of triethylamine and DMSQO, resulted in ring opening
and B-C-stannylation to provide the enone 477 Eq. (99) '7. Under the same condi-
tions, Me;SiCl led to O-silylation exclusively 8% (vide supra, Sect. 4.5.2.1, Scheme 8).
Alkylation and acylation of these intermediates involving trans-metalation !¢
have been investigated.

pH wse Y SR
F R, NEt;, DMSO, Et,0 VMe:,Sn 0 99)
69a Ry=CgHs 411 50-70%
b = CH3

5.6.2 From Cyclobutyl Derivatives

The utility of the ring opening of cyclobutanone derivatives has been demonstrated
by the total synthesis of the sex pheromone grandisol *3® (vide supra, Sect. 5.1.2,
Scheme 2). In addition to uses discussed above, Baeyer-Villiger oxidation of cyclo-
butanones led to y-butyrolactones ?!®) which also constituted important precursor
to cyclopentenones 2!?. Anion-stabilizing groups such as phenyl, bromine, sulfur
etc. at the a-position of a cyclobutanone facilitated the ring cleavage by nucleophiles
including hydroxide, methoxide and methyllithium. This method allowed net replace-
ment of the carbon-oxygen bonds of a carbonyl group by either C—H or C—R bonds
(reductive alkylation) or by two C—R bonds (geminal bis-alkylation) in a highly
stereoselective fashion #2°-221), It has been utilized for instance to generate the methyl
deoxypodocarpate 414, an important structural unit in many natural products. The
key step of this synthesis involved the base induced cleavage of the ring of the a,a-
dithiocyclobutanone 412, prepared by spiroannelation of the suitable tricyclic ketone
with the diphenylsulfonium cyclopropylide 103 (vide infra, Sect. 4.5, Eq. (30) followed
by a-thioacetalisation 22, Then, hydrolysis of the dithiane 4/3 and decarbonylation

0 N MeOZC P H M902C h%eH (100)
S S S S

l\) 412 ‘\/, 413 414
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with Wilkinson’s catalyst 2*) gave, in a highly stereoselective fashion, methyl deoxy-
podocarpate 414, Eq. (100) 22V,

Addition of nucleophiles to 2-vinylcyclobutanone followed by epoxidation provided
systems which underwent base-induced ring-opening with hydride, alkyl and aryl
organometallic reagents as well as with ester enolates ». Among the various possible
applications, this functional carbon chain elongation procedure has been used in
cyclopentane synthesis. Thus, the aldol product of l-arylthiocyclopropanecarbox-
aldehyde 179 with 3-(benzyloxy)octan-2-one was dehydrated to provide the vinyl-
cyclopropane 415 (vide supra, Sect. 4.6.1, Eq. (36)). After reduction with DIBAH and
n-Buli the allylic alcohol 416 then underwent acid-induced Cy — C, ring expansion
upon treatment with 48 % HBF, to the 2-vinylcyclobutanone 417 (vide supra, Sect.
5.1.2, Eq. (74)). Addition of the ester enolate prepared from methyl acetate and LDA
followed by epoxidation with m-chloroperbenzoic acid gave the epoxide 418 which
was directly fragmented upon treatment with methanolic magnesium methylate to
give a 1: 1 mixture of Z and E allylic alcohols 479 6. Finally, direct reaction of 479 with
boron trifluoride etherate in CH,Cl, at 0 °C led to the O-alkylation product 420
which underwent smooth isomerization with bis(1,2-diphenylphosphinoethane)-
palladium in refluxing dioxane, in the presence of O,N-bis(trimethylsilyl) acetamide
to avoid decarbomethoxylation 22°:%2%) to provide cyclopentanone 421, the Roussel-
Uclaf intermediate to prostaglandins PGA, 227 and PGE ?*®), opening a formal
synthetic entry into PGg (for a comparable entry to prostanoids vide supra, Scheme 8)

SAr SAr
a C5H11 b
== (’:H ——CSHH — F ————-
0 0 —CH,Ph OH 0/\ Ph
415 416

OH CO,CH,
0 0
< L [j//\coch3 . R .
—_——— — ——T
% CsHyy ] CsHy X CsHyy 5%
=0
O _Ph _Ph 0. _Ph
4 419 57%

CH;0,C

~

17 418
0
,CO,CH,
0 s . ’
yZ CsHy 8% Z CsHy
0 Ph o] Ph
w7 421

Scheme 15. Synthesis of prostaglandin precursors

Reagents: a) DIBAH, n-BuLi, THF, r.t., 98%: b) 48 % HBF,, Et,0, 41 %;; c) LDA,
MeOAc, Et,Q, —78 °C, 85%: d) MCPBA, CH,Cl,, r.t.; &) Mg(OCH,),, MeOH,
2°C, 72thr; f) BF;—Et,0, CH,Cl,, —78°C, 0°C, 45%,; g (DIPHOS),Pd,
Me(Me,Si0)C = SiMe;, dioxane, reflux, 5 hr, 69 %;.
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15), Furthermore, a lactone related to 427 has been found to have hypotensive activity
229) (Scheme 15) 2.

6 Conclusion

1-Donor substituted ethynylcyclopropanes have been prepared from the readily
available cyclopropanone hemiacetal or from various sources of chlorovinyl-, chloro-
vinylidene- and ethynylcarbenes as well as from the thermal rearrangement of ethynyl
vinyl oxiranes. Surprisingly unreactive towards acids, they undergo C; — C, ring
expansion only with z-butylhypochlorite or with metachloroperbenzoic acid; their
thermal C; — C5 (Cg or C,) ring expansions required the presence of a 2-methyl
or 2-vinyl substituent on the three-membered ring. The ring opening of the cyclo-
propyl cation could be completely avoided by delocalization of the positive charge
through the adjacent triple bond.

1-Donor substituted vinylcyclopropanes appears to be much more attractive
building blocks owing to their exceptional reactivity. Various routes have been develop-
ed towards these challenging compounds involving the simple nucleophilic addition
to the cyclopropanone hemiacetal of vinylic- or acetylenic organometallic reagents
followed by stereoselective hydride reduction, the iron induced cyclization of 1,3-
dichloroacetone adducts, the chemoselective Simmons-Smith cyclopropanation of
c-enone silyl enol ethers, the dye semsitized photooxygenation of alkylidenecyclo-
propanes, the regioselective base induced ring opening of oxaspiropentanes, the
nucleophilic addition of 1-heterosubstituted lithiocyclopropanes to carbonyl com-
pounds followed by acid-induced dehydration, as well as the simple Wittig olefination
with 1-hydroxycyclopropylcarbonyl compounds. While 1-vinylcyclopropanol and
vinylogous derivatives undergo thermal or acid induced C; — C, ring expansion
leading to cyclobutanone derivatives under mild conditions, the rearrangement of
1-phenylthio-, 1-methyl (or phenyl) seleno- and l-methoxyvinylcyclopropanes re-
quired more drastic conditions. It is worth noting that 2-vinylcyclobutanones are
readily formed in this way and that these are efficient precursors of the Cs, Cg or Cg
homologous rings, which are formed by subsequent thermal, acid- and base-induced
as well as photolytic rearrangements, as illustrated by the total synthesis of dihydro-
jasmone and a methylenomycin B precursor (Cs), of (—)-B-selinene and a compactin
precursor (Cg) and of (—) poitediol (Cg). From the synthetic point of view, the thermal
vinylcyclopropane — cyclopentene ring expansion is also very useful; thus the ac-
celerating substituent effect of the trimethylsiloxy group of O-silylated 1-vinylcyclo-
propanol derivatives allowed the chemo-, regio- and stereoselective formation of
cyclopentenol silyl ethers leading to cyclopentanone, cyclopentenone and spiroketone
derivatives which encompass an important class of biologically active substances,
as illustrated by the total synthesis of (+) 11-deoxyprostagiandin E, methyl ester,
of (+) aphidicolin, of a spirovetivane, of dihydrojasmone and cis-jasmone and of
dicranenone A. Although the l-arylthio-, and 1-trimethylsilylvinylcyclopropane
derivatives, in general, also underwent the thermal C; — Cs ring expansion providing
cyclopentenol thioethers and 1-trimethylsilylcyclopentene respectively, the final
generation of the carbonyl group was more difficult compared to the simple methanol-
ysis of a silyl enol ether.
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The usefulness of the ring opening of these C; or C, derivatives has also been de-
monstrated by the regioselective a- or o’-monomethylation of the a-enones and by the
highly stereoselective preparations of (+) grandisol and of (£) methyl deoxypodo-
carpate. The ring opening of these cyclopropanol derivatives induced by Lewis acids
such as TiCl,, ZnCl,, Me,SnCl, etc. allowing subsequent transmetalation also ap-
pears to be very promising. Now easily available, the 1-donor substituted vinylcyclo-
propanes therefore constitute highly recommendable building blocks.
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Syntheses and ring opening reactions of vicinally donor-acceptor-substituted cyclopropanes are
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certain carbocycles, and heterocyclic systems. Other classes of donor-acceptor-substituted cyclo-
propanes are also regarded emphasizing new developments. Although preparative aspects are strongly
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also be discussed.
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Donor-Acceptor-Substituted Cyclopropanes: Versatile Building Blocks in Organic Synthesis

1 Introduction

Reactions of cyclopropane derivatives activated by one type of functional group have
been well understood and applied in organic synthesis for quite some time . The
far-reaching analogy between reactivity of olefins and cyclopropanes can be explained
by the n-type orbitals of strained three membered carbocycles and their interaction
with the activating substituents 2.

Therefore acceptor cyclopropanes / will be ring opened by nucleophiles N~ to
provide products like 2 (homo Michael addition) as depicted in Eq. 1. On the other
hand, electrophiles E* cleave donor activated cyclopropanes 3 affording adducts 4
or 5 which demonstrates that the cyclopropane serves as a homoenolate equivalent
in this sequence (Eq. 2). Seebach consequently classified these methods as umpolung
with the cyclopropane “trick” *\.

Acc H
? [j—Acc @ /_>~Acc 1)
— —_—

N g N N2
( -
De E Do E
DO\A — \59_/_ L >J 2
or
+1,0
3 b A
A A tor Substit 1 or
cc = Acceptor Substituen
Do = Donor Substituent O\_/_ E
N© = Nucleophile 5
E® - Etectrophile

Chemistry of cyclopropane derivatives, which combine different sorts of activating
substituents, has less definitely been investigated and their synthetic potentials have
only recently been explored. Whereas geminally donor-acceptor-substituted systems 6
were treated in preceeding contributions to this series 3-¢ 7, this review will be confined
to vicinally activated compounds 7.

Their reactivity should reflect charge distribution as shown in the mesomeric
formula 8. This intuitive view is supported by MNDO calculations . It is therefore
to be expected that nucleophiles and/or electrophiles add to 7 affording products
with the general structure 9 or derivatives thereof. Thus 7 should combine the features
of a homo Michael system and those of a homoenolate equivalent.

Acc Acc £
Do Acc
5] Do Acc
Do, Do ®
6 7 8 N g

An application of donor-acceptor-substituted derivatives such as 7 not only effects
cyclopropane cleavage under milder conditions, but also generates products having
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at least two functional groups. This is of special value with regard to further synthetic
manipulations.

The review will be restricted to systems carrying strong n-acceptors such as carbonyl,
cyano, or sulfonyl groups; halide, phenyl, vinyl, or related groups will not be regarded
as activating substituents. With respect to the donor function oxy-, amino-, and thio-
cyclopropanes will be considered. The trimethylsilylmethyl unit is the weakest donor
dealt with, whereas processes as illustrated in Eq. 3 are beyond the scope of this article.

Acc Acc Acc
=]
S\ e 2R/ — /\)/ ©
Acc

Acc Acc

This review will concentrate on recent developments in the eighties and to synthetic
applications. The literature coverage includes 1986.

2 Donor-Acceptor-Substituted Cyclopropanes — Principles
of Synthesis and Ring Cleavage

2.1 Synthesis

Not surprisingly, cyclopropanes became synthetic tools only after methods of their
preparation had been improved. This is mainly due to progress in carbene chemistry,
and several modes to construct donor-acceptor-substituted cyclopropanes also benefit
from these advantages. Scheme 1 is an attempt to summarize the most important
possibilities of how to build up the systems under discussion and it shows that four of
six paths use a carbene or its equivalent.

—C - Acc Acc
Aee™” o Do—CH +
Do

I\ D°\)
RN
Acc
% Hat—CH + Ac(
Do X
N Acc

Do+ Hal

Scheme 1. Possible pathways for preparations of donor-acceptor-substituted cyclopropanes
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From the three direct [2 + 1]-cycloaddition routes, path a employing electronrich
olefins and acceptor-substituted carbenes is the most efficient one, since the alkenes
can be synthesized from carbonyl compounds or other precursors and the carbenes
are produced from easily available diazo alkanes. Therefore this very flexible mode
to construct donor-acceptor substituted cyclopropanes is by far the most frequently
used route.

It is rather difficult to generate donor-substituted carbenes (path b), and methylena-
tion of push-pull-olefins (path c) is not very efficient due to the low reactivity of these
alkenes. Therefore these two alternative [2 + 1]-cycloadditions have been of relatively
low importance so far. This is also true for the addition of suitable nucleophiles to
cyclopropenes activated by electronwithdrawing substituents (path e).

However, a respectable alternative to the direct [2 + 1]-routes (a)—(c) is the variant
using halo- or dihalocyclopropanes as precursors for the desired target molecules
(path d). The cyclopropane ring is formed by addition of halocarbenes to the olefin
and subsequent change of functionalities is achieved by treatment with nucleophiles.
It is very unlikely that a direct substitution incorporates the donor-substituent.
Instead an elimination/addition sequence with the intermediacy of a cyclopropene has
to be assumed. ’

The very first synthesis ® of a donor-acceptor-substituted cyclopropane had been
performed along route (f). Michael addition of a suitable nucleophile is followed
by an intramolecular substitution (elimination of Hal ™) to create the three membered
ring. Since all carbon atoms are already assembled in the starting material, and the
reaction is not very general, it did not receive too much attention.

2.2 Ring Cleavage

Concerted cycloadditions and radical processes do not play a prominent role in the
transformations of donor-acceptor-substituted cyclopropanes. Due to their equip-
ment with functionalities able to stabilize charges, reactions via polar intermediates
are the most frequent ones. Although the facility of ring cleavage is strongly influenced
by the kind and number of activating substituents involved, a general reactivity
pattern can be drawn and will hopefully help to understand the following paragraphs
(Scheme 2).

In certain systems — especially in those carrying more than one donor or acceptor
group — a ring expansion to five-membered heterocycles /1 occurs at relatively low
temperatures. This process can be classified as a 1,3-sigmatropic shift and is most
conveniently explained by the intermediacy of the 1,3-zwitterion 0.

The nucleophilic character of the unsubstituted cyclopropane is usually still pre-
dominating in donor-acceptor-activated derivatives. Thus, most ring openings start
with the attack of an electrophile E* and give products /3 passing through inter-
mediates of type /2 (Scheme 2). In contrast, additions of nucleophiles N~ giving 15 via
14 are so far restricted to exceptional cases with enhanced activity.

Conversion of the acceptor substituent to a function containing a good leaving
group LG allows transformation of 16 to the olefin /8 with the homoallyl cation 17
as an intermediate.

Structures /7, 13, 15, and I8 are often not the isolated products, since further
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transformations can proceed under the reaction conditions employed to bring about

opening. Thus in protic media very often carbonyl groups are generated according to
Eq. 4.

X R X R
Y S Do © _—
Do &
Do E

10 Do 4

E
ACC /Ee/ DUACC
12
NG
\ D§_7—‘ACC +HQ

N
R 7 LG ¢
R
"LGe Dﬁ +Xe
—_—_— —_—
2]
Do R
16 17

Scheme 2. General reactivity pattern of donor-acceptor-substituted cyclopropanes

S
NUACC
Lo

18

X Do 0

% 10 lL Do=RO,RS, RN ... @

3 Alkoxy Groups as Donor-Substituents

As early as 1938 Rambaud reported the first synthesis of a donor-acceptor-substituted
cyclopropane — obtained by the addition/elimination path (f) (Scheme 1) — and he
also recognized that these cyclopropanes are prone to ring cleavage providing 1,4-
dicarbonyl compounds. After saponification /9 opens to 20 which is oxidized by air
to the isolated succinic acid 27 .

CO,Et

0 0
NaOEt 1) KOH Air
— —— OHj —» OH
/\/\COZET Eto 2)H,0 HJ\/\“/ Ho/tk/\(r
0

0
19 20 21
&)
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Later Julia and coworkers developed another important mode of ring breaking:
addition of Grignard compounds or reduction converts the ester 22 to the correspond-
ing alcohols which are startingpoints for a cyclopropylcarbinyl/homoallyl cation
rearrangement. After acid treatment B,y-unsaturated carbonyl compounds (e.g. 23)
can be isolated, which sometimes isomerize to the «,B-unsaturated systems 19,

Ph
Ph OH
CO,Et 0
PhO N, CHCO, Et PhMgCL H® Ph
— Cu/4 33% 50%
== 4 Pho PhO >50% H S
22 23 Fh

(6

Mainly these two variants of cyclopropane cleavage or modifications thereof

were explored for preparative purposes and for natural product syntheses since

1970. Not too long ago Wenkert reviewed his very impressive contributions in this

field 1. Therefore only principles and typical applications will be repeated here and
supplemented by more recent examples.

3.1 Simple Enol Ethers as Olefins

Enol ethers react with diazo ketones in the presence of Cu-catalysts to give cyclo-
propanes such as 24. Ring cleavage with acid and subsequent intramolecular aldol
condensation constitutes a flexible route to cyclopentenones (Eq. 7)*?-*®. This
procedure has also been applied to a synthesis of cis-jasmone employing isopropeny!
acetate as a donor olefin ¥,

R 0
0
R o R
BuQ N, CHCOCH,R i 0 Me0®
P Rdlhbadic AT ———
—— Cus4 BuO 60%
~60% H
24

R= \/\/\/\COZMe Q)

As can be expected, use of ethyl diazoacetate procidesy-oxoesters '* or y-oxocarboxylic
acids ' from enol ethers. Emploging the Julia method with 25 leads to the B,y-
unsaturated aldehyde 26. Thus, this sequence establishes an overall a-vinylation of a

given aldehyde '2-7-18),
CO,Et
MeQ MeQ R g
N CHCO, Et 11 LiatH 8
\=O_ . nows, ®
60% ~70%
25 o 26
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The two modes of ring cleavage have been joined together in the synthesis of bicyclic

lactone 27 — a precursor for certain alkaloids **.
RIEY
s

96%

COzEt

) N2CHCO2EY 0 1 ) LiAlH:
Cus4a 2) MeOH
~70%

N,CHCO, Et
Cuz4

[] CO,Et
93% : 5
®

In attempts to prepare alkoxy-substituted cyclopropane carbaldehydes like 29 only
ring expanded compounds 30 have been isolated. The two-step route via carbinol
2829 and the selective reduction 2" with DIBAI both afford the 2-alkoxy-dihydro-

furan 30.

56%

OH
COzEt
LiAlH, Ag,C0;3 0 A
RO 85% BUO 9% !
HAL(i-bul, 28 RO 30 (10)
-60°C
ﬁ;%
H 0
EtO
29

A very intriguing system 3] with donor-acceptor substitution pattern can be obtain-
ed by an intramolecular cyclopropanation 2. The tricyclic product 37 permits several
ring cleavage reactions (Scheme 3), some of which are not known for less strained
cyclopropanes. All methods lead to oxabicyclo[2.2.2]octane derivatives. Thus, hydro-
genolysis proceeds under relatively mild conditions breaking the bond between the
donor and the acceptor substituted carbons exclusively.

Cuprates add directly to the carbonyl group; however, promoted by the Lewis
acid BF,, ring cleavage is facilitated and a 1,5-addition affords the bicyclic compound
32. This mode of cyclopropane opening is a key step in the short preparation of the

monoterpene eucalyptol 22,
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Na0,C 5:3
11 CICO, R H,
2) CHy N, 82% | Pd/C
MeO
) - Rhy (0Ac), MeOH, H®
r.t. 0 > 30% > o
58% overall 0 0
N,HC
0
Q
0
32

Scheme 3. Ring opening reactions of cyclopropane 3/ obtained by intramolecular cyclopropanation

3.2 Furan as Donor Substrate

Cyclopropanation of dienol ethers is not regioselective and therefore of low prepara-
tive importance 2. However, furan gives the bicyclic compound 33 (homofuran
derivative) which can also be classified as a donor-acceptor-substituted cyclopropane.
The low yield obtained upon photolytic generation of the carbene ** has impressively
been improved by Rh,(OAc),-catalysis under thermal conditions ?*. Heating of 33
results in electrocyclic ring opening to afford the trans, cis-muconic acid semialdehyde
34, whereas employment of strong acids brings about cleavage to the more stable
trans,trans-compound 3352, Similar experiments have been performed with 2,5-

dimethyl furan 29,
COo,Me

COzMe 140 —160°C —
34

84%

Iz:h~v (1 1)

N2 CHCO,Me or
h HCl, MeQH H Cl
0 / 2L% M‘

This strategy to prepare trans,cis-configurated functionalized dienes like 34 has
elegantly been exploited for syntheses of HETEs (hydroxyeicosatetraenoic acids)
and leukotrienes 2”). These metabolites of arachidonic acid have received much atten-
tion due to their biological activity. Syntheses of HETEs, for instance, follow the
principle outlined in Eq. 12 with the acid catalysed ring opening of homofuran deriva-
tives 36 to 37 as the stereoselective key step.
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o} R 9
0 R 0
= N, CHCOR cat. H®? l + R
0 P Fmloal ~90% N — H AN
N 37 ~8 11 0
36 ¥
R= 7" co,Me (+) 5-HETE
V) e NG N
R= = CO;ME (i) 8 -HETE
(12)
R= = = {T) 9-HETE
= /\—_/\/\/
R = = {£)12-HETE
0 0
COCHN,
- Rh,0Ac), cat. H® -
e e —_——
oz z > 85% 0 0
38 39
#ao-c (13)
- o
0
Q / 82% Q
- N 40
0 6}
N,CHOC
0 Rh,(0Ac), 0 cat. H® 0]
w >
41 42
| (14)
[ 07 OH
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A report dealing with the intramolecular mode of this cyclopropanation uncovers
a remarkable dependency of the ring cleavage on the substitution pattern and the
conditions employed *®. Two examples with regioisomeric benzofuran systems (Eq. 13
and 14) demonstrate that thermolysis of 38 or 41, respectively, causes electrocyclic
reactions which finally give the benzopyran derivative 40 or the biphenyl compound
43. Traces of acid completely change the cleavage behaviour and give ‘‘normal”
products 39 or 42. For the formation of these tricyclic benzofuran derivatives breakage
of the internal cyclopropane bond is necessary to give the annulated cyclohexenone
systems instead of the conceivable five-ring spiro compounds. Simpler furan deriva-
tives without a condensed benzo ring give similar results 2%,

3.3 Diketene as Donor Olefin

The enol acetate moiety in diketene can be utilized for cyclopropane formation. Un-
fortunately, with most diazo compounds, yields are rather moderate ), and there-
fore the synthetic value of methods developed on this basis is restricted. As exemplified
by the ethyl diazoacetate adduct 44 (Scheme 4) the ring opening of this masked
tricarbonyl compound can lead to different classes of acyclic or cyclic products. The
outcome of these reactions depends on the conditions employed. They simultaneously

transform the B-ketoester unit present in 44 2°®),
CO,Et
i : NCHCOREt /”\/\
h VIPh CcO} qucm
51% 0 COH
N EtOH
M PhNHNH2 85% ~\HCl

/L 86% NH, 80%
)\/K/\CO et A)\/\ /U\/u\/\co H
2 o co, £t o 2

Scheme 4. Ring cleavage reactions of diketene adduct 44

Addition of a suitably substituted diazo ketone to diketene has served as a key
step — albeit with low efficiency — in yet another synthesis of cis-jasmone 3%,

3.4 Derivatives with Two Donor or Two Acceptor Groups

1,2-Dialkoxyalkenes such as 45 behave very similarly to enol ethers and yield cyclo-
propanes like 46 with reasonable efficiency (Eq. 15). Ring cleavage to formyl ketone
47 with acid is followed by intramolecular aldol addition and elimination of methanol
to give the cyclopentenone 48. This can be isomerized to 49 — an intermediate for
prostaglandin PGE,. The same strategy has been employed to prepare tetrahydro-
pyrethrolone methyl ether 50 3%
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0 R R
== 0
Med YMe  NaCrCOCHR 11H%H,0 0
Cusa 21 AlLO,
7o MeO  OMe H
45 46 OMe
47
Rz o ~ae~e
COzMe l (15)
0 0] 0
R R
) RFT
MeO OH HO
* 50 49 48

0,0-ketene acetals 57 have also been reacted with diazo ketones under copper cata-
lysis. However, not the expected cyclopropanes but the corresponding dihydrofuran
derivatives 52 are obtained as products 32, Very likely the three-membered precursors
of 52 are unstable under the cyclopropanation conditions (Cf. Scheme 5). Hydrolysis
of 52 yields the y-oxocarboxylic acids 53.

o R )><\,(
_NCHCOR® 2
>=< cu, 4 R3 - eo"/.
R

R'O R? 25-85%

51
N,CRHCO,Et
lC\zJ(ccoczlz R 2:};{[
co AEt ! (16)
2 1
R'Q COzEt ;‘S>I><\co Et
R0 R3 + >=___<— R'OH R? a3 2
60°C
R'0 R? R'O ? 56

~60% ~5%(R% H) 50-80%

54 55 (overall)

If the acceptor strength of the carbene substituent is slightly reduced, bisdonor
substituted cyclopropanes become stable enough to be isolated. Thus the esters 54
are formed predominantly with their acyclic isomers 55 as side products *® (Cf.
rearrangement in Eq. 68). Cyclopropanes 54 are rather sensitive to moisture and usually
converted to the orthoesters 56 without purification in reasonable overall yield **.
A similar dependency of the resulting products on the starting diazo compound has
been found for other ketene acetals >*) and also in reactions using the more active
Rh-catalyst 3%,

The combination of one donor substituent and two acceptor groups also enhances
the cyclopropane activity. Although compounds 57 can be synthesized without special
precautions, they readily expand at room temperature to the isomeric dihydrofuran
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derivatives if dissolved in dimethyl sulfoxide *7. By assistance of the highly polar
solvent the charges might be stabilized in an intermediate 1,3-zwitterion formed by
heterolytic cleavage of the cyclopropane bond.

OMe
Acc C0,Me Acc
0 N
MeO DMSQ, 25°%,
CH(OMe), MeO CH(OMe); {an
57

Acc=CO,Et 50: S0
Acc=CN 0:100

Reaction of the enol ether 58 with dimethyl diazomalonate provides the spiro
compound 59 in high yield. Reduction and acid catalyzed cyclopropane cleavage
gives the unsaturated y-lactol 60 which can be oxidized to f-methylene y-butyro-
lactone 61 2%

Me0;C._ _CO;Me HO OH

EtO
_ M,CICO Mely Li Al H, EtO
Cu/4 7%
85%

58 as%iHQ (18)

(&)
&
519
o

€I
O
O

67 60

Under similar conditions diazo acetoacetate does not afford cyclopropanes but
dihydrofurans as 62 which can be aromatized (e.g. to 63) 2%. A different furan deriva-
tive 64 is obtained from ethyl diazopyruvate as outlined in Eq. 19 3. Possibly cyclo-
propanes are intermediates in these reactions, which rearrange to the five-membered
heterocycles under the conditions employed.

COM CO,Et CO,Et
/ e N 2 AN 2
Nzc\ Q ® Q
COEt HY 4 .
[oipome, . MeO Se% |
MeQ L2%

62 63
CO,Et CO,Et 19
0 A 0
Ny CHCCQz Et 180°C —
A tiubuiet L = z MeO o
73%
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The results in this section impressively illustrate that a well balanced strength of the
donor and the acceptor substituents is essential for the stability of cyclopropanes.
Otherwise the cyclopropane bond between these functional groups is too fragile and
is eventually broken to provide ring expanded or ring opened products.

3.5 Other Methods for the Synthesis of Acceptor Activated
Oxycyclopropanes and Their Ring Cleavage Reactions

3.5.1 Reaction of Electrondeficient Olefins with Donor-Carbene-Equivalents

One interesting application of Fischer-type carbene complexes in organic synthesis
is their addition to acceptor olefins affording methoxy substituted cyclopropanes 65
(Eq. 20).

Acc
OMe Acc
90-120°C, MeQ
(00)5Cr=<1 + /;JW e 20)
R R Lk
65

The initial reports 3 only contain a few examples with unsaturated esters used as
the olefinic component in large excess (entries 1-3, Table 1). Recent investigations *,
however, underline that this complementary approach to donor-acceptor-substituted
cyclopropanes is rather general. Since equimolar amounts of olefins and carbene
complexes are sufficient to give good results (entries 4-8), this method might be of
preparative value.

With «,B-unsaturated ketones the expected cyclopropanes could not be isolated,
but acrylonitrile derivatives can also be used as acceptor olefins *?. They provide
cyanocyclopropanes in good yield (entries 6, 7), which might be interesting precursors
for other cyclopropanes or ring opened compounds because of the synthetic versatility
of the nitrile group.

There are limitations when the olefin is substituted with bulky groups however,
flexibility, is guaranteed by R!, which may be an aryl or an alkyl group (entry 8).

Table 1. Synthesis of Donor-Acceptor-Substituted Cyclopropanes with Fischer-Carbene-Complexes

Entry R! R? Acc cis/trans Yield Ref.
1 Ph Ph CO,Me 1:39 34% 39
2 Ph CO,Et CO,Et - 39% )
3 Ph Me CO, Me* 1:2.5 60%, 2
4 Ph Me COzMeb 1:1.5 59%; 40)
5 Ph H CO,Me 1:1.3 57% 40)
6 Ph H CN 1:1 729 40)
7 Ph Me CN® ¢ 53% )
8 n-Bu H CO,Me ~1:1 30% 40

2 10 equivalents of olefin; ® Equimolar amounts of olefin; ° cis/trans mixture of olefins; 4 4 jsomers
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Since alkoxysubstituted methyl cyclopropanecarboxylates like 66 undergo ring
opening upon acid treatment to provide the y-oxoester 67, the cyclopropanation/ring
cleavage sequence establishes an overall nucleophilic acylation of o,B-unsaturated

esters 49,
COz Me 0
HCL/THF /U\/\
MeO ———25:0—_> Ph CO,Me 21
%
Ph
66 67

Catalytic hydrogenolysis of the nitrile 68 is regioselective and affords y-methoxy

v-phenyl butyronitrile 69 as the single product **,
CN OMe
MeO — e @
Ph
68 69

3.5.2 Methylenation of Donor-Acceptor-Substituted Olefins

Vicinally donor-acceptor-substituted olefins usually are rather unreactive species.
Nevertheless cyclopropanation of 2,2-dimethyl-3(2 H)-furanone 70 could be executed
with dimethyl oxosulfonium methylide as a methylene source. The bicyclic compound
71 is formed in modest yield accompanied by the spiro epoxide as a second product
in almost equal amounts. Carbinols 72 derived from 7/ by alkyl lithium addition can
be nitrosated and photolyzed to suffer a Barton fragmentation. The resulting y-
oxoaldehydes are directly cyclized to afford the 2-substituted cyclopentenones 73
in good yield V.

0
0
I
/ + H;C=SMe, porv i
0 3
70
R = Alkyl, Ph ' 50~ 90 %lRCHZu 23)
7 R HO
NP NG o| e, ;
70-90% 0 -
0]
73 H 75

Reactions of benzo-4-pyrones with the methylide have been reported earlier. After
hydrolysis 1,4-dicarbonyl compounds could be isolated 42,
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3.5.3 Halocyclopropanes as Precursors

The efficient formation of dihalocyclopropanes could be extended to allyl alcohol
adducts 74, which are oxidized to 75. The resulting ketones are very useful synthetic
building blocks. Reaction with alkoxide, for instance, affords dihydrofuran deriva-
tives 76 via alkoxysubstituted cyclopropyl ketones ¥, This ring enlargement might
be a purely thermal process (1,3-sigmatropic shift), but other mechanistic possibilities
could also be conceived (cf. Scheme 2).

HO R’ 0 R 0 R’
Cl Na,Cr, 0, ‘ Cl KOR® . R0
Nzron’
Cl R? Cl R? R30 RZ
74 75
Aryi
0 O Br
Rl NEt3 <M 0N
MeO Z 65-95% MeO K2C03 Rl= Aryl
R3O L5-75%
0 0
79 78
R3=Me
RZ:H 1)LiAlH,
0 210® [2)na0n  OMe
R! 60-85% 60-90% R!
H MeOQ
go © g1 °

Scheme 5. Reactions with dichlorocyclopropylketone 75 as key starting material

The cyclic enol ethers 76 either form 1-alkoxy furans 77 by elimination ** or,
more interestingly, they are oxidized by bromosuccinimide to brominated inter-
mediates 78 which give a,B-unsaturated y-oxoesters 79 after base treatment *. Reac-
tion of the cyclic orthoesters 76 with LiAlH, leads to y-oxoaldehydes 80 or their
acetals 8/ depending on the work-up procedure *¢.

As to be expected, monochloro cyclopropyl ketones 82 can be ring opened to y-
oxoaldehydes83 by treatment with sodium methoxide without preceeding reduction 7.

0 1}RMgBr 0 R NaOMe OMe
-78°C NqOMe MeQH
cl X Twc MeO 4 R
70-80% 20-85%  MeO
0

R= Alkyl, Aryl 83
(24)
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Analogously, several dichloro- or difluoro-cyclopropyl ketones provide y-oxo-
esters under similar conditions *8-#), whereas dichloro-cyclopropyl sulfones give
v-sulfonyl orthoesters 3.

3.5.4 Other Compounds as Starting Materials

Another method to construct methoxysubstituted cyclopropyl ketones is outlined in
Eq. 25. Here acid chlorides a{d allyl chloride are combined to give 84 which could be
cyclized to the key compound 85 after addition of methanol. Standard methodology
brings about preparation of y-oxoaldehydes 86 or B,y-unsaturated acetals 87 °».

MeOH Tk

R1 Cl 4y mCh
TINEW NaOH
/\/Cl EtOH, H,0 (25)
R'= Alkyl
O« R oM

e

0 1) RZMgX R
R1 n® MeQ or LiAlHz Me0 BN
H 60-70% 2} TosOH, 2

8 ’fg)‘;’/ 4 R7H
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Deprotonation/alkylation of suitably functionalized cyclopropanes opens the way
to a new manifold of substituted compounds. Thus cyclopropyl sulfone 88, carrying
a MEM-group as donor function, can easily be converted to the cyclopropyl anion
89 which smoothly reacts with alkyl halides yielding 90 or with ketones providing
hydroxyalkylated cyclopropyl sulfones, respectively. The latter could directly be
transformed to unsaturated sulfones (e.g. 92 — 93) by acid treatment, but alkylated
products 90 have to be cleaved in a two step procedure. Deprotection of the MEM-
group with HBF, allows subsequent base induced ring opening of the resulting
cyclopropanols and after elimination of sulfinate o,B-unsaturated aldehydes 9/ are
formed .

S0, Ph S0, Ph
o o S0,Ph
MEMQ n-Buli_ [MEMO Li MEMO RILC /
or LDA 70 eo% 2INarco; R
H,0,THF
88 89 65-90% 91
- 0 91%¢>==o
MEM= "N NoMe 0 S0,Ph (26)
HO HBF,
S0P —m— N
MEMO
92 93

The stereochemistry of the alkylation of a carbanion related to 89 has recently been
studied by another group **\.
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An exceptional case of ring formation and cleavage deals with a system incor-
porating two cyclopropane units with donor-acceptor pattern. Photochemical syn-
thesis of 94 and electrocyclic reaction afford the unusual bridged hexanooxepin 95 **).

Et0,Q  COoEt Et0,C  COEt
0
Q hy <5> 130°C I\ (27)
-20°C 62% ==,
O F O
E = CO,Et
94 95

4 Trialkylsiloxy Groups as Donorsubstituents

As demonstrated in the preceeding paragraph alkoxysubstituted cyclopropanes
provide access to a variety of different 1,4-dicarbony! derivatives and are therefore
valuable and versatile building blocks for organic synthesis.

Since most methods are based on alkyl enol ethers as starting materials, however,
they are faced with severe drawbacks as far as selectivity and flexibility are concerned.
Preparations of alkoxyalkenes are sometimes very tedious to put into practice and
usually not chemo-, regio-, or stereoselective. In addition, the cyclopropanation
step is frequently inefficient due to purification problems or the need of using a large
excess of olefin. But most importantly cyclopropane cleavage requires rather harsh
conditions (strong acid or base) because of the strength of the C—O-bond that has
to be broken. Therefore these methods of ring opening are not compatible with many
functional groups.

In contrast, the related silyl enol ethers are available by mild selective transforma-
tions from carbonyl compounds or other precursors **. Their stability and that of
products derived from these alkenes can easily be regulated by choosing suitable
substituents at silicon. Selective cleavage of a Si—O-bond is possible with fluoride
reagents under very mild conditions, and this is why cyclopropane ring opening can
now be performed with high chemoselectivity.

Exploiting these major advantages, siloxysubstituted cyclopropanes have become
extremely versatile building blocks for many preparative purposes in the last decade.
Besides these important practical aspects, they also have provided a deeper insight
into many fascinating mechanistic features of donor-acceptor-substituted cyclo-
propanes.

4.1 Synthesis of Methyl 2-Siloxycyclopropanecarboxylates
by Carbenoid-Addition and Their Ring Cleavage to y-Oxoesters

A large variety of silyl enol ethers 96 has been transformed to the corresponding
cyclopropanes 97 by reaction with methyl diazoacetate in the presence of copper
catalysts (Eq. 28). Although at first the isolation of mainly ring-opened products had
been reported >®, the preparation of methy! 2-siloxycyclopropanecarboxylates pro-
ceeds generally in very good yields (Table 2) 57.
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CO2Me 0
R3Si0 R? 1/u><\
} N, CHCO, Me R3Si0 R3 _&» R R - CO;Me
Culacacly , 4 or H®
R! R? R R
96 97 98

(28

Nearly equimolar amounts of the components are sufficient to obtain satisfying
results even in large-scale runs. Cu(acac), is the most suitable catalyst; Rh,(OAc),,
which is effective even at room temperature, might be preferable in exceptional cases.
As expected, the cyclopropanation step occurs regioselectively (entries 4, 14) and
stereospecifically (entries 9-11), thereby retaining the olefin configuration completely
in the product. On the other hand, there is only a very moderate stereoselection as
far as the methoxy carbonyl group is concerned, and usually cis/trans mixtures are
obtained 37,

If the olefin is chiral (entries 23-25) high diastereoselectivity has been observed,
when the center of asymmetry is at C-3 of cyclic silyl enol ethers (entry 24). Cyclo-
propanation then occurs trans to the substituent at this carbon 57 exclustvely, and due
to the very mild cleavage conditions this trans-relationship is preserved in the sub-
sequent ring opening (vide infra). This protocol has been applied to introduce a side
chain during the stereoselective synthesis of a prostaglandin *®'and of dicranenone A *%.

NEt, - HF 0 oy COzEt
THF, 95%
Cng Z CSHQ

0SiMe,tBuU

CO,Et

N, CHCO, Et Et3Si0
pa it RASEREEE S
CuS0;, 4
b
70% Cng

Las T

0 ) 3 OSiMe,tBu
b SiMe,tBu ﬁ
OMe OMe OMe
(29)

Interestingly, the cyclopropanation is completely nonstereoselective if the starting
material is a chiral siloxy cyclohexene derivative with alkyl groups at C-4 or C-6
(entries 23, 25).

The prostaglandin approach above (Eq. 29) also shows that the reaction with the
carbenoid is compatible with further functions and even a second olefinic unit. How-
ever, this second double bond is left unattacked only because of its deactivation by
the allylic siloxy group. Competition experiments have demonstrated that simple
olefins like styrene or cyclohexene react with methyl diazoacetate under copper-
catalysis in rates comparable to those of silyl enol ethers *”.

Reactions of trimethylsilyl enol ethers with diazo ketones give cyclopropanes
contaminated by ring opened compounds %%V, Use of the more stable tert-BuMe, Si-
derivatives or of Rh, (OAc), as a catalyst might eventually improve the situation.
O-Silylated ketene acetals and O,S-ketene acetals, respectively, did not provide
products with cyclopropane structure ),
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Methyl 2-siloxycyclopropanecarboxylates 97 are thermally stable compounds,
which can nevertheless be cleaved under very mild conditions to give y-oxoesters 98
(Eq. 28) ®V. The Me,Si-derivatives are ring opened by acids or strong bases, but they
can selectively be cleaved by fluoride reagents. This retro aldol type reaction via
cyclopropanol intermediates is most effectively achieved by the easily accessible
NEt, - xHF (x = 1—3) %®, which generates 9§ in almost quantitative yield (table 2).
With catalytic amounts of acid or base methanol is another operating medium for
desilylation (entry 26, lit. ). PdCl,(MeCN),-catalysis allows smooth ring opening
in wet acetone (entry 10) °. When switching to the more stable rert-butyldimethyl-
siloxy compounds n-Bu,NF is the reagent of choice for ring cleavage (entry 28).
The opening of the three-membered ring completes the combination of an enolate
equivalent (silyl enol ether) with an enolium equivalent (methyl diazoacetate) for the
construction of the 1,4-dicarbonyl compound via a cyclopropane.

0

0 H
'/JL>*<:\\ — 1/J%>g\~ + j&L\
R R2 ]R3 CO;Me R R2 R? H CO,Me

Although alkylations of enolates with a-halo ester compounds are quite effective
in singular cases, these reactions often proceed with poor yield and selectivity. There-
fore the siloxycyclopropane route is to be considered even for large scale preparations
of relatively simple y-oxoesters. Synthesis of rather sensitive formyl esters (entries 9,
13, 16, 17) or the stereoselective generation of trans-substituted cyclic y-oxoesters as
mentioned above can hardly be achieved with comparable efficiency by other methods.

The mild cleavage conditions with NEt, - HF, which do not cause epimerization
at centers a to the carbonyl group, are essential for an enantioselective synthesis of
y-oxoesters using optically active catalysts ** in the cyclopropanation step. Up to
50 %, ee have been obtained so far . Improvements should be possible, if the trans/cis-
ratio of the siloxycyclopropane can be increased. Formylesters of type 99 are promising
building blocks for further transformations (e.g. synthesis of y-butyrolactones).

CO,Me 0
. N, CHCO,Me : NEt; - HF
M93$|0 . , WMEgSlO W H * COzMe (30)

39

With the methodology presented so far only compounds with a —CH,CO,R
moiety can be synthesized. However, specifically mono- or dideuterated y-oxoesters
are obtainable as illustrated in Eq. 31°7.

Me,Si0 0 COsMe
N,CDCO, Me Me,Si0 KF, D,0 , THF

0
———— - —————————
Culacac)y » 4 cat. 18-crown-§ > D
5% 58% Coz Me
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According to Scheme 1 methyl 2-siloxycyclopropanecarboxylates should also be
available from donor-acceptor-substituted olefins like 00, which are easily synthesized
by silylation of the corresponding 1,3-dicarbonyl compounds. Cyclopropanation
of 100 with methyl diazoacetate or diazomethane could be realized in the presence of
Cu(I)-catalysts, but due to the relatively low reactivity of the olefins a large excess
of diazoalkanes had to be employed. This makes the isolation of 10! troublesome and
therefore direct hydrolysis with acid to give 1,4-dicarbonyl compounds /02 is ad-
vantageous (Eq. 32) .

0 Rr2
0
Me,Si0 R Me,Si0 R
_tINaH N, CHR? H®
———— —_—
M 2) ClSiMey Cu{IX)-cat. 50-80%
50-90% a4 R1
. 100 101 (32
, R o_ _R?
R R Alkyl , Ph
1 = y
R /‘H/\“/ — \ R2= OEt, t-Bu
R 0 R3 R%= CO,Et, H
102 103

With R? = OEt, however, some condensation to the furan derivative 03 cannot be
avoided. Homologisation of ethyl benzoylacetate via the silyl compound 700 with
diazomethane to the y-ketoester 102 is incomplete, and hydrolyzed starting material
1s recovered.

Photolysis of acylsilanes produces siloxysubstituted carbenes, which could be
trapped by an excess of electrondeficient olefins. This route to the resulting alkyl 2-
siloxycyclopropanecarboxylates seems not to be of preparative value, however 7.

Since methyl 2-siloxycyclopropanecarboxylates 97 are masked y-oxoesters, the
protected carbonyl group cannot disturb reactions modifying the ester function.
This great advantage is demonstrated in the following paragraphs and especially in
the deprotonation/alkylation sequence, which allows introduction of a substituent
at C-1 of the cyclopropane and therefore leads to compounds containing a
—CHR'CO,R unit after ring cleavage.

4.2 Synthesis of Methyl 2-Siloxycyclopropanecarboxylates
by Deprotonation/Alkylation

4.2.1 Preparative Aspects

For the introduction of further substituents at C-1 of methyl 2-siloxycyclopropane-
carboxylates 97 the deprotonation and smooth alkylation of the resulting enolates is a
very feasible route (Eq. 33) ®®. It opens the way to a large variety of cyclopropanes
without the necessity of preparing a new diazo compound for every desired substituent
at C-1.
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MeO._ 0°L®
C02Me - El one
A,
MesSi0 R 2| MesSi0 R® |2 Me,Si0
R1 RZ R1 RZ R1 El
97 104 .
R COsMe
R2 R3
106
(33)

The enolates /04 can be generated in tetrahydrofuran at —78 °C with 1.5 equi-
valents of lithium diisopropylamide (LDA) and trapped by electrophiles at this
temperature or under ‘‘warm up’’ conditions. Usually, very high yields of alkylation
products /05 are attained (Table 3) %%,

With its low yield of 409 entry 1 is exceptional, since in this case very likely missing
steric hindrance causes considerable self condensation during enolate generation %,
This process has been reported as the exclusive reaction in attempts to deprotonate
the unsubstituted ethyl cyclopropanecarboxylate ™. Decreased CH-acidity of the
starting material and increased reactivity of the corresponding enolate — both caused
by I-strain in the intermediate ¥ — should be responsible for this self condensation.
It proceeds in the deprotonation phase, if not prevented by additional substituents as
in almost all other cases in Table 3.

It should be mentioned that the existence of a carbanion located P to a potential
leaving group is not self-explanatory. Since the elimination product would be a highly
strained cyclopropene derivative, this process does not occur at least at low tempe-
ratures.

The examples in Table 3 demonstrate that many S 2-active alkyl halides can be
employed as electrophiles with good success ®8 ). Secondary alkyl halides like 2-propyl
iodide, however, are not reactive enough in the low temperature ranges required for
obtaining clean addition without decomposition of the enolate.

The alkylated products /05 can be transformed to the corresponding y-oxoesters
106 in high yield by the usual ring cleavage with fluoride reagents (Eq. 33) as shown
in Table 3 for some representative cases. With the cyclopropanation/alkylation/ring
opening sequence one of the most flexible and efficient routes to specifically substi-
tuted y-oxoesters 106 has been established. Many of the alkylated products shown in
Table 3 are starting materials for further synthetic transformations as decribed in
upcoming paragraphs.

Heteroelectrophiles like dimethyl disulfide (entries 9, 18, 29) lead to trifunctional
compounds. A second methoxycarbonyl group can be introduced with methyl chloro-
formiate (entries 38, 42). However, the trimethylsiloxy compounds are extremely
sensitive and undergo very fast ring opening to malonic ester derivatives V.

Not surprisingly, carbonyl compounds are excellent reaction partners for the ester
enolates [04. Since the primary adducts are only isolable in singular cases and the
subsequent ring opened products (y-lactols) are very versatile precursors for synthesis
of heterocycles, these addition reactions as well as those of electrophiles with a
S=C unit will be discussed in a separate paragraph (see section 4.6).
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4.2.2. Explanation of the Diastereoselectivity

Although of no importance for most of the subsequent ring opening reactions, the
diastereoselectivity of the enolaté alkylations deserves attention for mechanistic
reasons. Regardless of the cis/trans-ratio of the starting materials in tetrahydrofuran
as solvent the deprotonation/alkylation sequence provides trans-configurated pro-
ducts exclusively or with high preference (Table 3). This incorporation of the electro-
phile cis to the siloxy group predominates even in cases where the sterically more
hindered side of the enolate has to be attacked, thus leading to contrasterical alky-
lation (e.g. entries 19, 21-28, 41).

Further experiments have shown that this effect is due to the oxygen-function at
C-2, as similar alkoxy cyclopropanes display the same behaviour . Therefore the
term “‘syn-oxyphily” has been suggested for this unusual phenomenon, the expla-
nation of which is still speculative. Since it operates against pure steric effects, it
must be of electronic nature with the B-oxygen as the key element.

Very likely enolates of alkyl cyclopropanecarboxylates are generally not planar
but pyramidal to a certain extent, thereby avoiding some of the I-strain caused by
amethylenecyclopropane type double bond 7. Itis supposed that in oxycyclopropanes
the two possible pyramidal enolates syn-107 und anti-107 are caused to be energetically
different by the RO-groups. Predominating formation of trans-108 is explained by
the higher population of the more stable anti-108.

0
RO e// £® RO CO,Me
P OMe —»
El

syn-107 cis-108
1 (34
RO 8 RO El
e
94’0
CO2Me
anti-107 OMe trans-108

The higher stability of anti-107 might simply be attained for electrostatic reasons
with the electronegative moieties in anti position. However, an anomeric effect with
overlap of the occupied enolate n-orbital and the o*-orbital of the B-C-O-bond can
also be operative. Whereas usually the antiperiplanar arrangement of the orbitals
involved maximizes the anomeric effect 7%, with the rigid cyclopropane geometry this
situation is unfavourable. Therefore pyramidalization of the planar enolate to anti-107
with the larger orbital lobe (‘“lone pair”) at C-1 syn to the RO-substituent is energeti-
cally more advantageous than the alternative arrangement (see Fig. 1). This might be
the first example with evidence of a syn-anomeric effect 7. It should lead to preferred
attack of electrophiles at the side with the larger orbital lobe, thus explaining formation
of mainly trans-products.
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R R R

N\ A=) \ &

10(5)2 Me /OO WO
u—% <——— %‘COZMQ | ———-4 r—-z-)o\

syn-107 planar enolate anti-107 CO;Me

Fig. 1. Pyramidalization of Esterenolate /07 (View along the cyclopropane C-1/C-2 bond, n-type
orbital in front, o*-orbital of the C-2/OR-bond behind)

The stereoelectronic effect of the RO-group is less pronounced, when bulkier electro-
philes are employed (Table 3, entries 23, 27, 28), butis increased when the well solvating
agent hexamethyl phosphorous amide (HMPA) is used as an additive $-°®. On the
other hand, if one performs the deprotonation/alkylation sequence in the unpolar
solvent pentane, a complete reversal of the stereochemical outcome provides the cis-
product in excess (Eq. 35) °*). Now a coordination of the lithium cation to the siloxy
function might favour structures like 109 (or its oligomers) and cause predominant
formation of cis-cyclopropanes.

C02 Me

Et C0O,Me Me0,C, El
Me,Si0 Me;Si0 Me, SiQ
1)LDA
L +
2}EIX
EIX Solvent trans : cis
Mel THF 90 : 10 (87%)
Mel Pentane 7 : 93 (50-80%)
Me,S, THF 1 : 8% (97%)
(35)
. Li
Mza,Si
3 \O/ \Oe
= OMe
109

With dimethyl disulfide as the electrophile the cis/trans-ratio is 90:10 even in
tetrahydrofuran. Competition experiments show that this reaction is much faster
than the usual alkylations, which afford mainly trans-compounds ®®. With the sulfur
electrophile a single electron transfer (SET) seems likely generating a cyclopropyl
radical as a reactive species, which naturally displays a different selectivity compared
to the enolate anion.

4.3 Simple Ring Opening Reactions
of Methyl 2-Siloxycyclopropanecarboxylates

4.3.1 One-Pot-Reactions to Products Derived from y-Oxoesters

In the preceeding sections it has been demonstrated that a great variety of y-oxoesters
can be synthesized by fluoride induced ring cleavage of methyl 2-siloxycyclopropane-
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carboxylates. As a trimethylsiloxy function is easily converted to a hydroxyl group
under acidic or strongly basic conditions *%, this quality can be explored for one-
pot-procedures with certain reagents which are able to transform the siloxycyclo-
propanes to y-oxoesters and to trap these intermediates giving new types of products.

Equations 36 and 37 illustrate that y-oxoacids or acetals of y-oxoesters are available
under appropriate conditions #'7%. Heating with concentrated hydrochloric acid
transforms 710 to the a,B-unsaturated lactone 777 (Eq. 38)°, whereas compounds
displaying the suitable substituent pattern can be cyclized to 1,3-cyclopentane diones

with bases (Eq. 39) &Y.
0
KOH, EtOH WCOz H (36)
6%

COzMe

Me3SIO

3

CO2Me

Me3SiQ HcmMe),,H‘B CO,Me (37

MeOH
88%

02 Me
conc.HCI
B2 (38)

3

Me,Si0

5

1710

COzMe

Me,Si0 KotBu

(39

~GO%

s
g

Nitrogen functions will be incorporated by treatment with phenylhydrazine or
hydroxylamine providing the corresponding hydrazones ) or oximes Y (Eq. 40).
When siloxycyclopropanes containing a masked aldehyde function (R! = H) are
heated with hydroxylamine and formic acid under reflux, dehydration of the inter-

mediate oxime generates B-cyanoester /72 in moderate to good yield (Eq. 41) 61y,
H
}Ibh CO;Me N"‘O
NH i . /‘k/\
N Hy NNHPh Me,Si0 H, NOH + HCL COzMe (40)

MeQH, 60°C MeOH
)j\/\ 66% quant.
CO2Me
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RL
R CO;Me i
Me. Si0 R NC R, =M
3 Hy NOH - HC! 2 ;, CO2Me R-R’= H, Alkyl “n
HCOZH ,100°C R R
25-70% 112

R R

4,5-Dihydro-2H-3-pyridazinones //3 are obtained in excellent yields from several
methyl 2-siloxycyclopropanecarboxylates with hydrazine hydrate as a reagent 7).

. H
R CO,Me fll o
Si0 R3 -
Me;Si HaNNHz « H,0 NI (42)
MeOH, 20-60°C .
80-90% R R
R' R? R¥7 . NR3
R'-R: H, Alkyl, Aryl 713

Although in most cases reaction conditions for these one-pot-transformations are
rather harsh, it is conceivable that optimization might lead to milder methods in
singular cases. Nevertheless, these straightforward transformations make available
a variety of interesting products by very simple and cheap procedures.

4.3.2 Methods Leading to Reduced Products

Treatment of methyl 2-siloxycyclopropanecarboxylates with potassium borohydride
in methanol and acidic work-up afford y-butyrolactones /14 by a very simple one-pot
procedure in excellent yields and with high purity (Eq. 43) ™.

ag
R%_ _CO,Me R“
; 3 1)KBH 0
M935I0 R MeO!: ,
2H® R (43)
R R2 75-95% R' R2
114
R'-R’= H, Alkyl
R*=H, Alkyl, Propenyl, SMe

The multistep reaction very likely starts with desilylation by potassium methylate
(generated in situ) and ring opening to the y-oxoester. This is immediately reduced to a
v-hydroxyester, which undergoes lactonization to form the final product 7/4. Cor-
responding to the regioselective synthesis of the starting cyclopropanes, isomeric Y-
butyrolactones can easily be constructed. When the reaction is performed in CD,0D,
a-deuterated y-butyrolactones can be prepared.

The electrochemical reduction of y-oxoesters like 715, synthesized via the cyclo-
propane route, results in cyclization with participation of the olefinic unit *”. This
reaction provides interesting cyclopentanol derivatives, which can be transformed to
the corresponding cyclopentenes. Alternatively a fragmentation to medium sized
ketones like 116 occurs after saponification and anodic oxidation 7.
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CO;Me
0 COoMe
-29v HO 1)KOH 0
MeQH , Oioxane 2}~ 2e 44
Et,N® Tos® 31H, . Pt (“4)
64% ~L0%
115 116

The reduction of methyl 2-siloxycyclopropanecarboxylates can also be started at the
ester function when lithium aluminum hydride in ether is the reagent. The resulting
alcohols undergo the wellknown cyclopropylcarbinyl/homoallyl rearrangement upon
treatment with acid to provide p,y-unsaturated carbonyl compounds //7. These are
synthesized isomerically pure and in good yields in a number of cases, if the two-
phase-system 2N hydrochloric acid/pentane is employed ®. Otherwise the very
easy isomerization to the conjugated a,B-unsaturated compounds /18 occurs to some
extend, which can intentionally be completed by base catalysis.

R CO2Me 0 R* 0 R
Me,Si0 R3 1)LiAIH,
E1,0 R1 AN NzEta R1 = (45)
212N HCl RZ R3 Rz H
: 2 Pentane ~90% R3
55-90%
R R 17 118

R'-R%= H, Alkyl

Methyllithium as a nucleophile finally provides compounds with a trisubstituted
double bond (Eg. 46). Ring cleavage of the intermediate cyclopropylcarbinols under
strongly basic conditions gives y-hydroxy carbonyl compounds like 179 78, The
regioselectivity of this ring opening is remarkable, since it seems to be governed by
the hydroxymethyl group passing through a secondary carbanion as an intermediate.

0 CO2Me 0
Me;Si0 OH
M el 1) LiAtH, W/ (46)
-— HAR
2)H® 21 NaOH 119
60% 100°C
72%
COz Me A~
Me.Si Me,Si . Z
= _noew - Q AT
21 NaOH s
100°C 62%
120 MO 121
1) LiAlH,
46% |2) H,NOH - HCI 66% | PcC
HEOgH, A 47
/4 0
NC 0
122 123
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These reductions can be combined with other transformations as exemplified by
cyclopropane /20, which has been converted to the nitrile 7122, the spiro lactone 123,
and the functionalized spiro tetrahydrofuran 127 %Y. All products are eventually
derived from cyclohexane carbaldehyde.

Direct reductive cleavage by catalytic hydrogenolysis of a cyclopropane C-C-bond
is only possible in exceptional cases, where the three membered ring is further activated
by a phenyl or a vinyl group. With unpoisoned catalyst a subsequent reductive desil-
oxylation occurs to afford esters like /24 (Eq. 48), whereas addition of small amounts
of triethylamine allows isolation of the desired siloxy compounds (e.g. 125, Eq. 49).
Interestingly, both reactions demonstrate that the cleavage of the cyclopropane bond
proceeds non-stereoselectively with inversion and retention at C-1 and C-2, respecti-

vely 7%,
CO;Me
MeSi0 ¢
eaSiQ O CO,Me (48)
7% {2:1)
Ph 124

CO;Me i
. H tBuMe,Si0
tBuMe,SiQ Ha, Pd/C
New T ph CO2Me (49)
) (1:1)
Ph 125

4.3.3 Methods Leading to Oxidized Products

By addition of bromine at low temperature methyl 2-siloxycyclopropanecarboxylates
are regioselectively cleaved to give a-bromo-y-oxoesters 126 quantitatively. These
can be isolated in singular cases, but usually they are directly transformed to
a,pB-unsaturated y-oxoesters /27 by subsequent elimination of hydrogen bromide with
triethylamine 8. Thereby E-alkenes are obtained in good overall yields, which are
interesting acceptor building blocks for further synthetic operations.

&
R COzMe 0 . 0 RL
Me,Si0 R B cHycl, Br R NEt
~78C R CO,Mef RPor R%H R Z €0, Me
80-100% R? Rrd 2 70-90%
R2/2
R' R?
126 127

(50)

Due to the great flexibity in the preparation of the cyclopropanes — especially with
regard to R* — a variety of other alkenes 727 should be available in a regio- and stereo-
selective manner by this overall methoxycarbonylmethylenation method of a given
carbonyl compound.

Reaction with an excess of bromine can be performed under warm-up conditions
delivering the o,B-dibromo-y-oxoester /28 as a mixture of diastereomeres. Interesting-
ly, the ratio of these stereoisomers is strongly influenced by the reaction conditions
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chosen. Both dibromo compounds are converted to the corresponding acetylene 129
by triethylamine treatment 1), Thus, using very simple and cheap reagents the siloxy-
cyclopropanes can serve as precursors for y-oxoesters with a single, a double or a
triple bond between C-a and C-B.

COy Me ] Br 0
Me,Si0 2-3€q. Br, NEt, =—2C0;Me
Z789C +20°C COzMe
Br D
128 129

Whereas chlorine or iodine as electrophilesdo not provide clean addition products *%,

phenylselenenyl chloride opens siloxycyclopropanes forming a-selenenylated
y-oxoesters 3. Usually, however, this process is better conducted in the presence of
Lewis acids at low temperature (vide infra, section 4.5.1).

4.4 Cleavage Reactions of Methyl 2-Siloxycyclopropanecarboxylates
Combined with Subsequent C-C-Bond Forming Processes

Although methyl 2-siloxycyclopropanecarboxylates are cleaved by certain electro-
philes, only tetracyanoethylene (TCNE) as a carbon electrophile could directly be
added to phenyl or vinyl activated cyclopropanes providing cyclopentane deriva-
tives ®1),

NC. CN
Me;Si0 ‘\\&COZMG NG eN CH3CN Ne
3 3
+ NC>=<CN & NC copMe (52)
b Me3Sio” L
130 (1:1) 137
CO,Me NC_ CN
o0 NG N o NC CO,Me
+ “oc ™ NC (53)
NC CN suant Messio
132 133

Eq. 52 and 53 demonstrate remarkable characteristics of this [3 + 2]-cycloaddition:
starting with a pure diastereomer 130, two stereoisomeric cyclopentanes /31 are
obtained. This stereorandom outcome is most simply rationalized assuming a step-
wise mechanism with a 1,5-zwitterion as an intermediate in the cycloaddition. The
vinylcyclopropane 132 only gives five-membered ring products /33 and no cyclo-
heptene derivative, which would result from a conceivable [5 + 2]-cycloaddition.
Less activated olefins or cyclopropanes do not undergo a similar [3 + 2]-cycloaddition.
Due to the specific substitution pattern, the cyclopentane formation from these siloxy-
cyclopropanes is of no preparative value.
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Synthetically more interesting are ring openings which were performed under
conditions allowing in situ reactions of the resulting y-oxoesters. Thus siloxycyclo-
propane /34 is cleaved to the formylester /35, which can directly be transformed to the
substituted y-butyrolactone /36 by subsequent treatment with allylbromide/zinc 3%
and acid ¢

0
C0OzMe 0 1) Zn
Me 3SiQ & NEF, - HE il 0
2% H COMe  21HT,,,
134 135 (cis :trans=1:1) 136
(54)

Whereas scope and limitations of this procedure are yet unknown, vinyl ketones
obtained as intermediates from methyl-2-alkenyl 2-siloxycyclopropanecarboxylates
have already demonstrated their extreme versatility for synthetic purposes.

4.4.1 Michael Additions tQ Vinyl Ketones Generated from Vinylcyclopropanes

Siloxycyclopropane 132 — which is a masked vinyl ketone — has served as test
substrate for many in situ transformations. It cleanly reacts with several of O-, N-, and
S-nucleophiles under mild acidic or basic conditions leading to polyfunctionalized
y-oxoesters 137 (Eq. 55) 8%, which for instance can be further converted to y-butyrol-
actones, as exemplified by the one-pot-synthesis of 138 7%,

CO,Me 0
Me35i0 + Nu—H i___>:: or Nu/\/u\/\COZ Me (55)
55-90%
Z 132 137

Nu= MeO, PhS, Et,N , 0,N , PhSO,

CO;Me 1)MeOH 9
K,CO3
Me3Si0 2]KBH, 0 (56)
3IH®
87%
=
132 MeQ 138

More interestingly, Michael additions of CH-acidic compounds /39 onto the vinyl
ketone — generated from 132 by action of the catalyst Triton B (0.08 equiv. in methan-
ol) — smoothly afford adducts 40 in good yields (Eq. 57) 8. Under these conditions
methoxide acts as the desilylating agent as well as the base to form the corresponding
carbanions.
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COzMe
0
1
i R
M93SIO 2 \ cat.Triton 8 R1
TR e COzMe
Z R3 40-90% R3 (57)
132 139 140
R',R?= CO,Me, COMe, SO,Ph, NO,, H R¥z H,Me
2 2 2

Nitroalkanes provide products, which are especially versatile building blocks,
since the nitro group introduced can be converted to several other functionalities.
The examples shown in Eq. 58-61 include synthesis of regioisomeric 7-nitro-4-oxo-
esters, of a cyclic system /41, and of a propenyl substituted derivative — all proceeding
with good overall yield from easily available, inexpensive starting materials ®*-%4).

COMe Q
Me,SiQ —MeNO . g,N s
3 . g:at. Triton B COzMe ( )

67%

=z
C02 Me 0
Me,Si0 MeNO, 0N (59)
cat.Triton B CO;Me
62%
=

CO;Me Q CO,Me
Me;Si0
3 MeNO, (60)
cat.Triton B
83%
02N 141

{trans : cis = 87 :13)

CO,Me
Me; Si0 MeNO, 0 = (61)
cat. Triton B 0-N
58% z CO,Me

Transformations of the nitro function in 142 to a carbony! group employing
variants of the Nef reaction or its reduction to a cyclic nitrone /43, which is capable
to undergo 1,3-dipolar cycloadditions, underscore the high synthetic potential of
these nitroalkane adducts (Eq. 62) 3¢,
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e/ Zn/:i:)ACl HC1OMe 3
2
7% 91% . Q2N
D/\COZMe \’/\/u\/\C02M j/\></\C02Me

142
.| Me0 € —=—co,Mme Et—NO. 1) NaOMe/ MeOH
68% % 2 N al e e
20°C 9% | ot Triton B %1 H, S0,/ MeOH
CO,Me CO,Me
MeSi0 Q
0]
CO;Me CO2Me
COz2Me 132
(trans:cis = 4:1) (62)

Free radical additions of phenylthio or stannyl radicals to 2-alkenyl 2-siloxycyclo-
propanes afford similar products although a completely different mechanism is
operative 8. This direct generation of protected y-oxoesters /44 and 145 is of interest
since the silyl enol ether function might be usable for regioselective C-C-bond forma-
tion and the allyl stannane moiety in /45 could be activated for subsequent transforma-
tions. Yet further examples have to demonstrate utility and scope of this mode of ring

opening.

0SiMe, COMe
/\/l\/\ -k o (63)
a4 Me3zSi0 AIBN, 4
PhS Z COpMe  AIBN:4 TE3 P }
0SiMe,
144 132

Bu;Sn = CO;Me

145

4.4.2 Cycloadditions to Vinyl Ketones Obtained from Vinylcyclopropanes

The acceptor quality of vinyl ketones liberated from methyl 2-alkenyl 2-siloxycyclo-
propanecarboxylates can also be used in cycloaddition reactions. Thus y-oxoester 147
adds smoothly to 2-siloxybutadien /46 affording a cyclohexene derivative which after
desilylation gives the tricarbonyl compound [48. This crucial intermediate can be
obtained from vinyl cyclopropane 132 as a precursor of 147 in 72%, overall yield .
Its chemoselective methylation, lactonization, and dehydration make norbisabolid
available — a constituent of the root bark of atalantia monophyllia.

More fascinating, however, are intramolecular modes of the Diels-Alder reaction.
The vinyl cyclopropanes in discussion open a very short and flexible entry to substrates
suitable to undergo this cycloaddition. Cyclopropane 149 — easily obtained by
alkylation of the unsubstituted compound 132 (see Table 3, entry 12) — after ring
cleavage with fluoride gives a trienone 150, for instance, which has ideal electronic
and steric properties for an intramolecular [4 + 2]-cycloaddition. After reaction at
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0 0
7 ,/u\/\COZMe 1ove COMe
A + I 90%
Me;Si0 Me,Si0
> e 147 3!
92% | NEty- 2.5HF
0 (64)
0 0
1) MeTiCl; - OEt,
0°C COZ Me
2} H®, 100°C
L3%
0 148

Norbisabolid

room temperature a 6:1 mixture of two cis-octalones /51/152 is identified, from
which the major isomer /5] can be isolated by crystallization 8. This compound is
probably formed via a boat-like endo-transition state TS with the ester function in a
sterically favourable position.

/ \ CO,Me

Me3Si0 NEt;- 2.5HF
CH, Cly

=25°C

=
149

4d
94% 20°C

s

When the crude reaction mixture is chromatographed on Al,O; the trans-octalone
153 is obtained in 57 % overall yield as a result of epimerization. The potential of this
route to prepare bicyclic or polycyclic carbon skeletons under mild conditions and in
a stereocontrolled manner is evident.

4.4.3 Fluoride Triggered Ring Opening/Addition Reactions
of Alkyl 2-Siloxycyclopropanecarboxylates

If the cleavage of siloxycyclopropanes with fluoride anions could be performed under
strictly anhydrous conditions, the ester enolate generated by ring opening should be
interceptable by electrophiles different from protons. This process could be realized
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in the methylation of cyclopropane 154 (Eq. 66}, however the degree of alkylation does
not exceed 60 %. The intramolecular variant also gives a mixture of alkylated and pro-
tonated product (Eq. 67) 2.

0
Me,Si0 Mel o®
PhCHzNMegFe A N
THF
L OMe

84%
0 H

0
+
H CO,Me H CO,Me

60 : 40
(66)
02 Me
Me,Si0 n-BuN®EO N®E® Q I
TRE
90% H CO,Me H CO,Me
55 : 45 (67)
0.Et PPth R
0 PhsP R CO,Et
Et;Si0 KF, MeCN Q
15 -crown-6 COzEt
R=H 80%
R = SMe 91%
CFyC0gH| CH2Cl
R=SMe
80%
CO,Et Et,Si0 CO,Et 0 CO,Et
1)LDA
N, CHCO, Et 2)CISiEt,
€S0, 90%
70%
|
X PPy KF, MeCN
=< 18-crown-6
60%
SMe
CO,Et CO,Et
oM H
MeS CO,Et 0 CO,Et
CFy COyH H*
CHCl,

90%

Scheme 6. Fluoride induced repetitive [3 + 2]-annulation using ethyl 2-siloxycyclopropanecarboxylates
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Very likely the ammonium fluorides are the proton sources and therefore the reason
for incomplete conversions, since potassium fluoride in acetonitrile gives high yields
in a very elegant [3 + 2]-annulation process #”. It combines a Michael addition to a
vinyl phosphonium salt with an intramolecular Wittig reaction and proceeds only in
the presence of 18-crown-6 with satisfying yield. This cyclopentene synthesis has been
executed in a repetitive manner to prepare linear triquinanes as illustrated in Scheme 6.
Unfortunately, the sequence is non-stereoselective with regard to the ethoxycarbonyl
functions.

4.5 Lewis Acid Induced Reactions
of Methyl 2-Siloxycyclopropanecarboxylates

4.5.1 Catalytic Processes

Whereas methyl 2-siloxycyclopropanecarboxylates are thermally stable up to tem-
peratures as high as 170 °C, they readily rearrange at low temperatures under the
influence of appropriate Lewis acids. Catalytic amounts (0.05-0.4 equiv.) of iodo-
trimethylsilane within minutes to days promote a quantitative ring opening of cyclo-
propanes 155 to the corresponding silyl enol ethers 756 (Eq. 68, Table 4) 8,

3

R CO;Me ) s
Me, Si0 R? cat.Me,Sil Me;Si0 R (68)
cat.(Me;Si);NH
70-100% R COMe
R’ a2
155 156

Although the presence of the base hexamethyl disilazane facilitates the isolation of
pure olefins 156, it is not essential for the occurrence of the rearrangement. 'H-.NMR
spectroscopy reveals that the *‘simple” ring opening under proton transfer 155 — 156
is actually a cascade of silylgroup and proton shifts ®), which finally establishes the
thermodynamic equilibrium. Therefore, with small substituents R! or R* mixtures

Table 4. Isomerization of Cyclopropanes 755 to Silyl Enol Ethers 156 According to Eq. 68

Entry R! R? R? Reaction- Z/E Yield
time
1 CMe, H H 1d 100/0 97.%
2 CMe, H Me 1d 100/0 1009,
3 CMe, H SMe 4d 100/0 1009,
4 CMe, H CH,CH=CH,  2d 100/0 Y
5 Ph H H Sh 90/10 77%
6 CH=CH, H H 30 min 65/35 49%
7 H H H 20 min 80/20 1009,
8 H Me H 30 min 50/50 95%
9 Me H H 20 min 70/20/10* 89%
10 —(CH,)— H 20 min 84/0/16* 7Y
11 CHMe, H H 6h 25/0/75* 83%

a2 Formation of the possible regioisomeric silyl enol ether
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of E/Z-isomers are obtained (entries 5-9) and compounds capable to enolize « and o’
to the keto function give the possible regioisomeric silyl enol ethers (entries 9-11).
It is evident that cyclopropane /57 can only rearrange to the v,5-unsaturated ester
158 (Eq. 69).

COzMe Me;Si0
Me;Si0 cat. Me;Sil (69)
? cat.{Me,SijNH “ Cone
8d
70%
157 158

The functionalized silyl enol ethers 156 are useful synthetic intermediates since
electrophiles can now be introduced either directly in the B-position by known metho-
dology *® or in the a-position after deprotonation with LDA to an allyl anion (Eq.
70) 81, Both pathways should enormously widen the scope of specifically substituted
y-oxoesters and their derivatives obtained via siloxycyclopropanes.

0 Me, Si0 Me;Si0 El
WCO:M«?& >‘/‘\/\cozme uLoa WCO;M(&
{Lewis- 2} El-X
El Acid)
509 N2CHCOZMe
Culacac); , 4
(70)
COzMe COzMe
c0zMe NEt, - 2HF \ 7/ CO;Me
-2 Me5SiQ CO;Me ULDA
CO,Me R 0zMe 2) NH,Cl
60%

160

Cyclopropanation of the enol ether 159 and normal ring cleavage introduces a
second methoxycarbonylmethyl group, but deprotonation of the intermediate cyclo-
propane 160 now occurs at the more acidic side chain CH, and not at the cyclopropane
core. Therefore a ring opening followed by elimination yields the electrondeficient
diene 161 (Eq. 70) Y.

Treatment of siloxycyclopropane 162 with equimolar amounts of iodotrimethyl-
silane and triethylamine generates the electronrich diene /63 in high yield 3%, Many
further applications of compounds like 163 — cycloadditions, for instance, or reac-
tions with electrophiles — should be manageabile.

CO,Me Me3Si0
. OMe
Me3Si0 1.1 Eq. Me,Sil XN 1)
15 Eq.NEt ’ .
o 0SiMe,
162 163
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A remarkable double cyclopropanation with the Simmons-Smith reagent and ring
cleavage under basic conditions provides two carboxylic acids /64 and /65 in almost
equal amounts. None of the expected B-benzoyl propionic acid could be isolated.
Although formation of the crucial intermediate /68 has been explained with a slightly
different mechanism by the authors #, according to the Me,Sil-catalyzed rearrange-
ment described above the pathway suggested in Eq. 72 via /67 is more likely. Either
iodotrimethylsilane is Tormed in situ or Znl, is the catalyst transforming 166 to 167.
Surprisingly, the ring opening of the cyclopropanolate generated from 168 under
basic conditions occurs with negligible regioselectivity.

COzEt  4ycm,1, 0 0
. 2n/Cu
Y —
Me3S|0\% 210K, 4 Ph/HACOZH + Ph/u\/\/COZH
Ph 164 39% 165 35%
l o (72)
CO, Et )
2 Me:!slo Me3SIO 002Et
Me;Si0 Zn1y /k/\ Sy
st Ph” " “C0,Et bh
Ph
166 167 168

The soft “counterion” iodide is essential for the Me,Sil-induced ring cleavage
155 — 156. Employment of hard Lewis acids like titanium tetrachloride as catalysts
leads to a smooth cis/trans equilibration of methy! 2-siloxycyclopropanecarboxylates
even at very low temperatures °”. The equilibrium seems to be governed by steric
effects mainly, although not all aspects of this process are understood. A straight-
forward mechanistic interpretation suggests a coordination of the Lewis acid to the
carbonyl oxygen, which strongly accelerates heterolytic cleavage of the donor-accep-
tor activated cyclopropane 169. In the zwitterionic intermediate 770 rotation around
single bonds and reclosure to /69 is possible, thus the thermodynamic equilibrium at
the cyclopropane stage can be established.

Me3Si\ ® 0 "

R%_ _COzMe 0® R* R _El
Me;Si0 R® LA ol _+Ex 1/[%
391 — R1 A OLA ——-»—LA R R2 R3 Cone
R? R3 ~Me,SiX
R __R? OMe
169" Lewis Acid= LA 170 171

(73)

This mechanistic picture is supported by the fact that the ketene acetal moiety in
170 can be trapped by suitable electrophiles providing adducts 77/. Ring cleaving
selenenylation and sulfenylation is therefore possible at —78 °C in the presence of a
few drops of TiCl, (Table 5, entries 1—5) °"). Without Lewis acid no reaction with
the sulfur electrophile could be observed at room temperature and incorporation of
the phenylselenenyl group occurs only rather slowly.
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Table 5. Lewis Acid Promoted Addition Reactions of Electrophiles to Cyclopropanes /69 According
to Eq. 73 and 74

Entry R! R? R? R* ELl-X LA Yield
1 H Me Me Me PhSe—Cl TiCl, 69%
2 Me Me Me H PhSe—Cl TiCl, 88%
3 CMe, H H H PhSe—Cl TiCl, 85%
4 CMe, H H Me PhSe—Cl TiCl, 829,
5 CMe, H H H ArS—CI* TiCl, 87%
6 Me Me Me H CH, =NMe,(l TiCl, 55%
7 Me Me Me H CH, =NMe,OTf — 74%
8 CMe, H H H CH, =NMe,OTf — 89%
9 CMe, H H Me CH, =NMe,OTf — 80%

10 Ph H H H CH, =NMe,OTf - 56%

11 —(CH,),— H H CH, =NMe,OTf — 65%

* Ar = 0-NO,C,H,

4.5.2 Reactions with Equimolar Amounts of Lewis Acids

In contrast to transformations described in the preceeding section additions of N,N-
dimethylmethaniminium chloride or carbonyl compounds, respectively, to siloxy-
cyclopropanes 169 require equimolar quantities of Lewis acid. Probably the promotor
is deactivated by the resulting Lew:s basic products. Aminomethylation can be per-
formed with the iminium chloride and TiCl, (Table 5, entry 6), but it proceeds more
easily and reproducibly with the corresponding iminium triflate — generated in situ
from the iminium chloride by anion exchange with trimethylsilyl trifluoromethane-
sulfonate °V. Very likely a rearrangement induced by traces of trimethylsilyl triflate
present forms an O-methyl O-silyl ketene acetal 172 (detectable by 'H-NMR) ",
which should be the true reacting nucleophilic species (Eq. 74).

4

)
R%_ _COy;Me .q. 0 R* ot 0 R y
Me,Si0 R3  Me,SiOTF 1 0SiMe, CH,==NMe, 1 NMe,
R, R, 5 COxMe
R R R R
R R? OMe
169 Tf = S0,CF; 172 173

(74)

Several a-aminomethylated y-oxoesters /73 can be prepared in good yield. However,
for reasons not understood so far compounds 169 with R' = H do not undergo this
C-C-bond forming cyclopropane cleavage. Products /73 can serve as precursors for
syntheses of acrylate derivatives or a-methylene y-butyrolactones (Eq. 75) o,

o NMe,
_VKBH, _NMer
e NMe; ) Nawcos NaHCO4 (75)
CO,Me 92% 6u%
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Synthetically even more versatile trifunctional intermediates result from the addition
of carbonyl compounds onto methyl 2-siloxycyclopropanecarboxylates *»), Benzo-
phenone, titanium tetrachloride, and 162, for instance, provide an excellent yield
of the a-hydroxyalkylated y-oxoester 174, which predominates in the equilibrium with
its cyclic hemiacetal 176 (y-lactol). It can undergo elimination to the unsaturated
ester 175, but as Scheme 7 illustrates, /74/176 can also serve as the starting material
to several highly substituted furan(one) derivatives.

Whereas most transformations are selfexplanatory, the conversion to the tetra-
hydrofuran-3-carboxylate /78 should be regarded with special attention. This highly
stereoselective reaction proceeds with an oxacarbenium ion as intermediate and
could also be extended to certain silylated C-nucleophiles (vide infra) °*'.

C02 Me
1) Ph, CO/TiCI, Ph Ph

Me,Si0 CH Clz _MeoH
-78°C—>20°C Ph HCI.
20 CO,Me 82% COzMe
774
1)MeOH
ons Ph cat H Ph
CH SQ3H s
a2’ P TEST Ph

CO,Me CO;Me
176 177
TIKBH, HSiEt,
Pd/C 98% 2|P2 0s BF;- OEt,
Wmf CH3503
o) 0
Ph Ph M
COzMe

Ph

Scheme 7. Synthesis of Furan(one) Derivatives from Hydroxyalkylation Product 174/176 obtained
from Cyclopropane 162

The synthesis of dihydrofuran derivatives such as 177 has been performed to
explore scope and limitations of the Lewis acid promoted hydroxyalkylation of
siloxycyclopropanes. Table 6 shows that aromatic as well as aliphatic ketones can
efficiently be incorporated. Enolization of ketones does not occur and a 1-methyl
group at the cyclopropane is no obstacle for the reaction, which now binds the car-
bonyl compound to a quarternary center with surprisingly high efficiency (entry 5).
Albeit there are some restrictions with regard to the substitution pattern of the cyclo-
propanes, bicyclic siloxycyclopropanes also give good yields (e.g. entry 6 and Eq. 76).
Further examples of the tetrahydrofuran synthesis from intermediate y-lactols with
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Table 6. Synthesis of Dihydrofuran Derivatives Analogous to 177 (Scheme 7)

Starting Carbonyl a) Yield
Entry Material Compound Method™ Product [%]
CO;Me
Me,Si0
1 88
2 I 58
3 i 61
D CO,Me
Me,Si0 Ph o_Ph
L o=< A \ Ph 75
Ph C02 Me
D
CO2Me
Me,Si0 o o -Fh
5 o=< c \ Ph 88
Ph CO,Me
COzMe
Me; Si0 o Ph
Ph
\ Ph
6 0 C 52
Ph COzMe

®'Method A : see Scheme?
Method B : crude acetal is thermolized
Method C : crude y~lactot is thermolized
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triethylsilane/BF; are displayed in Eq. 76 and 77. Here bicyclic products with spiro
or linear annulated rings result °2).

1TiCl,
Me;Si0 —_->: SHSE
2} H,0 BF," OEt,
78%
CO,Me Co,M
(76)
Ph Ph Ph
COZ Me COZ Me
1) Ph,CO 0
Me;Si0 ity HSiEt,
2*——>, o CO;Me +HO H ot H H
quant.
55% 25%
o))

Intriguing mechanistic details of the TiCl,-promoted C-C-bond forming process
were discovered during attempts to execute the addition of /62 to benzaldehyde V.
The usual conditions with premixing of the carbonyl component and TiCl, followed
by warm up together with 162 leads to two diastereomeric chlorinated products 179,
whose origin from the primary adduct(s) via a Syl-type substitution is obvious
(Eq. 78). However, treatment of cyclopropane /62 with the Lewis acid and warm up
without aldehyde generates a new species as indicated by a colour change of the re-
sulting solution from wine red to yellow. This intermediate is reactive enough to add
cleanly to benzaldehyde at —78 °C providing one diastereomer after aqueous work

up.

Ct Ph
0
1) PRCHO
TiCly , CHaCL
CO,Me —I78"C->220"2C C02 Me
2 2] H,0 76% (3:2)
Me,Si0 ] 179
1) TiCl,, CH, CL,
—78°C HO Ph 0 Ph
2) 0°¢ o 0 HSiEt,
162 3) PhCHO, ~78°C BF; - OEt,
“1+0 CO,Me CO;Me
7% 87% {>19:1}
180 181

(78)

The anti-stereochemistry of the adduct /80 is confirmed by its smooth transforma-
tion to cis-tetrahydrofuran derivative 18/. Therefore, combination of two highly
stereoselective processes brings about the efficient preparation of the specifically
substituted heterocycle 181 %%,
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13C-NMR spectroscopy proves that titanoxycyclopropane /82 is the crucial species,
which is formed at ca. —30 °C and reacts with the aldehyde at lower temperature
without chlorination. Scheme 8 illustrates generation of 782 and its stereoselective
addition to the aldehyde with a transition state 7'S locating the pheny! group in the
sterically favourable anti-position with respect to the large rert-butyl group.

This mechanism is therefore completely different from that established for the
formally related reaction of 1-ethoxy 1-trimethylsiloxycyclopropane 183, which gives
y-butyrolactones with aldehydes ®¥. In this homoaldol addition the B-titanated ester
184 is the reactive intermediate.

] 0o O R
Me,Si0 Ticte Q—TiCl; rco v
EtO/u\)

EtO
183 184

(79

However, in the usual procedure only aldehydes can be employed as electrophiles
for 183, whereas donor-acceptor-substituted cyclopropanes as /62 are active even
towards very sluggish ketones like benzophenone. The mechanism depicted in Sche-
me 8 illustrates that it is the ester function, which serves as a suitable handle for the
Lewis acid to start the reaction and to facilitate cleavage of the cyclopropane bond
with concomitant formation of a new C-C-bond.

The generality of this stereoselective process has yet to be demonstrated but synthe-
sis of 185 (Eq. 80) from 162 and isobutyroaldehyde in satisfying yield shows that
aliphatic aldehydes can also be used as electrophiles 1.

co
1 )TlClg
Me,Si0
1) H20 S7% (80)
LIHSIEL, CO,Me

BF; - OEt,
162 185
Ph 0] Ph
Mesozm pPCcC 0
Pyndme 84%
COMe  pooe CO,Me CO,Me
180 187 R
Me,SiCN Me. Sv o | H
eFJ.omz’ao% oF Ot ~70 /.ld
59%
0 Ph 0 Ph
fq C
GO, Me CO;Me CO;Me
{8:1) 189 (>20:1) 190 188

Scheme 9. Transformations of Hydroxyalkylation Adduct 180
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Adduct /80 can be transformed to various furan derivatives (Scheme 9) V). De-
hydration is accompanied by cis/trans isomerization giving trans-dihydrofuran 186,
and oxidation to ketone 187 followed by condensation provides the trisubstituted
furan 188. Cyano and allyl trimethylsilane, respectively, lead to tetrahydrofuran deri-
vatives /89 and 190 with high stereoselection, which carry new substituents suitable
for further manipulation. These reactions work equally well for the ketone adduct
176 and a bicyclic y-lactol affording 191-193 .

NC.,, O PN hesin  HO( O Ph g~ .
- ————— —_— g
84% 87%
(o CO,Me COz2Me

02 Me

191 176 192
P
0 Ph HN_ _Ph (81)
0
Ph CO,Me
R COsMe
193 85% 194 68%

Other C-electrophiles besides iminium salts and carbonyl compounds have not yet
extensively been tested for C-C-forming cyclopropane ring cleavage. However, whereas
acyl or tertiary alkyl halides do not give addition products, benzaldimine at least
provides the expected secondary amine /94 with good yield and diasteroselectivity V.

The reactions portrayed so far in this paragraph involve hard Lewis acids, which
coordinate at the cyclopropane carbonyl oxygen and thereby assist different modes
of ring cleavage. The soft Lewis acid mercury(II) acetate might directly attack the
cyclopropane C-1 of 162. The mercury compound /95 is formed in high yield but,
unfortunately, allows only low conversions to the desired addition product 196 .
It results from free radical reaction of a reductively generated radical, which is ob-
viously deactivated by the ester function. The main product therefore is the y-oxoester
197 formed by capture of hydrogen.

' CO,Me otoel 0 HgOAc =/CN
Me, Si0 Meg;/:wc > >'/“\/kCOZMe ‘Na—BI-I:lz—Olea%
195 0 CN 0 H
162 €O, Me +>])l\/kcone
196 1:4 197

(82)
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4.6 Synthesis of Heterocycles via Enolates
of Methyl 2-Siloxycyclopropanecarboxylates

4.6.1 Furan Derivatives by Addition to Carbonyl Compounds

As mentioned in the last paragraph, the methodology employing Lewis acids for
activation of siloxycyclopropanes has certain restrictions with regard to the substi-
tution pattern. Therefore an alternative path to prepare hydroxyalkylated adducts
would be most valuable. It can actually be achieved via enolates of methyl 2-siloxy-
cyclopropanecarboxylates, which add cleanly to many carbonyl compounds (Eq. 83)°.

CO,Me

COz Me 0
Me;Si0 R3 1)LDA, THE Me3$l0 .
_73oc n- Bu;,NF R PCC
CO,Me R CO;Me
R? 2 g 2 2
>= HigeR 199

(83)

However, due to the free hydroxy function primary adducts /98 with a trimethyl-
siloxy group are rather labile in most cases and can usually not be isolated in good
yield °?. Therefore direct treatment of the crude reaction product with n-Bu,NF
is highly advantageous to complete ring cleavage to the corresponding y-lactols /99.
Of course, this two-step-procedure to synthesize hydroxyalkylation products /99
is not stereoselective. Thus for R* # R® four diastereomeric y-lactols are formed,
which can be oxidized with pyridinium chlorochromate to provide paraconic esters
200 in satisfying overall yield .

Table 7. Synthesis of Paraconic Esters /189 According to Eq. 83

Entry R? R? R* R® Yield cis: trans

1 Me Me Ph Ph 709 —

2 Me Me Me Me 67% —

3 Me Me —(CH,)s— 54%, —

4 —(CH,)s— Me Me 439 —

5 —(CH,)s— —(CH,)s— 51% -

6 —(CH,)s— Ph Ph 27% —

7 Me Me Ph H 57% 2:3

8 Me Me Me H 52% 1:2

9 Me Me CHMePh H 52% 1:32
10 Me Me CH=CHMe H 38% 1:3
1t —(CH,)s— Me H 51% I:1

2 Isomers due to the exocyclic center of chirality

Table 7 demonstrates that aromatic, aliphatic, and «,B-unsaturated ketones or
aldehydes can be used as electrophiles. With regard to the cyclopropane substituents,
R! has to be hydrogen for the synthesis of y-butyrolactones 200, but other examples
(vide infra) show that the crucial C-C-bond forming step also proceeds with R' # H.
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As siloxycyclopropanes with R' = H were not suitable for the Lewis acid promoted
hydroxyalkylation, the two principle methods are supplementary.

In two cases the direct oxidation with PCC of the primary adduct /98 — presumably
already contaminated with the corresponding y-lactol — has been tried and surpris-
ingly the B-hydroxylated y-butyrolactones 207 are formed (Eq. 84) *°®™.

CO,Me

COZ Me
Me,Si0 11L0A Me3S|O
2 m00 T
COz Me CO,Me

R= Me, Ph 207 (~15%)
(84)

A second method to approach synthetically valuable and easily isolable compounds,
consists of the Lewis acid promoted addition of silylated nucleophiles to y-lactols.
Again the reagent combination HSiEt,/BF, excellently serves for reductive removal
of the anomeric hydroxy group in 202 providing methyl tetrahydrofuran-3-carbo-
xylates 203 with satisfying overall yield from 97 (Eq. 85, Table 8) ***. As to be expected
for systems with R* # R® a cis/trans-mixture of 203 is obtained, reflecting the missing
stereoselectivity in the step forming the y-lactol.

H o. R
R R
BFy- 0Et R’ CO2Me
CO,Me " 5H50Ef3 R
(0] R
Me,Si0 R 1] LDA THF ,~78°C 1 203
T b ~RySi~Nu
. RS>=0 R R N:OEH (85
o R ~3 CO;Me Nu o. _R®
87 3] n-BuyNF 202 R1 R‘
R . COzMe
R

Table 8. Synthesis of Tetrahydrofuran-3-carboxylates 203 According to Eq. 85

Entry R! R? R? R* R? Yield cis:trans
1 H Me Me Ph Ph 47% —

2 H Me Me Me Me A —

3 H —(CH,)— Ph Ph 20% -

4 H —(CH,),— —(CH,),— 489 -

5 H Me Me Me H 51% 1.3

6 H Me Me Ph H 9% 2:3

7 H Me Me CHMePh H A 1:2*

8 H —(CH,),— Me H 54% 1:1

2 4 Isomers due to the exocyclic center of chirality
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As already discussed above several C-nucleophiles also add smoothly to y-lactols
(Eq. 85, Table 9). BF, is the promotor of choice allowing efficient and highly diastereo-
selective reactions with allyl and cyanotrimethylsilane or with bis(trimethylsilyl)ace-
tylene which introduce the corresponding substituents at C-5 of the methyl tetra-
hydrofuran-3-carboxylates 204. In the case of propargyltrimethylsilane an allenyl
group is transferred to the heterocyclic 9.

Table 9. Synthesis of 5-substituted Tetrahydrofuran-3-carboxylates 204 According to Eq. 85

Entry R* R? R} R* R® R,Si—Nu Yield cis: trans
1 H Me Me Me Me  MeSi—CH,—CH=CH, $6° 1:6

2 H —(CH);— Me Me  MeSi—CH,—~CH=CH, 67°7 1:4

3 H Me Me Me Me Me,Si—CN 48", 1:3

4 H —(CH),— Me Me  MeSi—CN 929, 4:5

5 H Me Me Me Me Me,Si—C=C—SiMe, 77% <1:20
6 H —(CH),— Me Me  MeSi—C=C—SiMe, 62°0  <1:20
7 H Me Me Me Me Me,Si—CH,—C=CH 9292 2:3°

2 Yield based on isolated y-lactol 202; ® In the product Nu = C=C=CH,

The stereoselectivity of this reaction rises when more bulky nucleophiles are employ-
ed (compare entries 7, 3, 1, and 5). This is most impressively demonstrated by compari-
son of the y-lactol reduction with its allylation leading to 205 or 206, respectively
(Scheme 10). Formation of tetrahydrofuran derivative 208, dihydrofuran 209, or
unsaturated a-methylen-y-butyrolactone 207 illustrate that various modes of straight-
forward work-up procedures provide two different five membered heterocycles 22 ®
96 A second example without the geminal dialkyl substitution at C-3 of the siloxy-
cyclopropane depicted in Eq. 86 making available the annulated tetrahydrofuran-3-
carboxylate 210 underlines the generality of the C-C-bond forming hydroxyalkylation
reaction via ester enolates.

CO,Me
HO CO,Me 0
Me3Si0 e | MeySio meon MeO
. HC!
2) >=o Ph
Ph Ph 208 CO,Me
150°C [ 48%
1)n- Bu,NF 1) n-Bu, NF Ph 0
2) HSIEt, /54% 72% | 2) MeySie™~2
BF, - OEt, BF, - CEt, \
CO,;Me
. 209 ~°?
0
Ph_ O NG Ph_ O
Ph \
CO;Me CO;Me
{1:1) (16:1)
205 206 207

Scheme 10. Synthesis of Different Furan(one) Derivatives from a Siloxycyclopropane and Acetone
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CO,Me 1) LDA CO,Me
MesSi0 2 >:o Q
—_—
3 v BunE H H (86)
4) HSiEf;
BFa‘OE?Z 66%
210

As mentioned earlier, the primary adducts 798 are isolable with good yields in
exceptional cases only. To determine the stereoselectivity of the hydroxyalkylation
step, the enolate of the more stable tert-butyldimethylsiloxy derivative 277 has been
combined with acetone. The two diastereomeric adducts 272 and 2/3 could be isolated
and separated by chromatography °®%. Interestingly the product 213 formed by the
“contrasterical” approach of the electrophile predominates although the effect is
much less pronounced than with alkyl halides (see above).

OH
¢0: Me” LDA MeQ,C, ‘\\\\\\\k HO CO,Me
tBuMe,Si0 -78°¢__ tBuMe,Sio. A OH | tBuMe,Si0
21 Yo
211 89% 212 43:57 213

L |

cat. Me,SiOT# , HN (SiMe; ),
20°C,93%

20°C {cat.Me, SiQTf
84 %

MeO 0 0

214

(87)

To ascertain the relative stereochemistry of 2/3, attempts to isomerize it into the
thermodynamically more stable cis-isomer 2/2 were undertaken. This plan could be
realized as anticipated by catalysis with trimethylsilyl triflate in the presence of hexa-
methyl disilazane (cf. section 4.5.1). However, without this base an unexpected desi-
lylation, ring enlargement, and condensation occurs finally affording a-methylene
y-butyrolactone 274 in high yield. This type of product couid also be prepared by
use of trimethylsiloxycyclopropanes 215 and 218, respectively (Eq. 88, 89). In the
first case, the intermediate unsaturated ester 2/6 has been isolated and further con-
verted to lactone 217 by acid treatment *6?).
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o 1} LDA, —78°C Me0 0 0
sMe 2) o 0 CO;Me

< > CF, CO,H
Me,Si0 3) Me,SiOTf > x —3°—2_->

3 €33! H 83%
71%
215 216 217
(88)
CO,;Me MeQ 0 0

1} LDA,-78C

Me,SI0 o (O

3} Me,SioTf
36%

218 (89)

All examples shown in this section demonstrate that with methyl 2-siloxycyclo-
propanecarboxylates as key building blocks a great variety of furan(one) derivatives
can be gained in an extremely flexible manner. Eq. 90 depicts the origin of the parts
in suich tetrahydrofuran-3-carboxylates.

N, 0. R Me, Si —Nu O _R®
. Y
R1 Rl. C:} J>\ + Rl‘ (90)
2 R
R R3 CO;Me R2 R3 N> CHCOzMe

4.6.2 Thiophene and Pyrrole Derivatives by Addition to Carbon Disulfide and
Phenylthioisocyanate

An attempted synthesis of dithioesters 220 by stepwise treatment of enolates from
cyclopropanes 97 with carbon disulfide and methyl iodide lead to an unexpected new
product without a cyclopropane ring. By spectroscopic means and study of the re-
actions dihydrothiophene structure 222 has been established °®.

Control experiments show that the ring enlargement 279 — 22/ occurs at the anionic
stage even at —78 °C. The driving force for this 1,3-sigmatropic shift — or, more
specifically, heterovinyl-cyclopropane/heterocyclopentene rearrangement — should
be the loss of ring strain and the better stabilization of the negative charge in 221. The
primary adducts 222 or their desilylated derivatives are usually not isolated, but
directly converted to thiophenes. The aromatization could be achieved either by acid
promoted silanol elimination providing 223 (R® = H) or by treatment with Lewis
acid which induces a Wagner-Meerwein alkyl shift to afford 224 (R' = H).

The overall yields are moderate at best (Table 10), since purification of 223 or 224
is tedious and detrimental due to unknown side products formed by CS,. Nevertheless
several functionalized thiophenes are available by this unique route which might be
optimized in singular cases and can possibly lead to other sulfur containing
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heterocycles. For instance, if the primary adduct 222 obtained from cyclopropane 215
is oxidized with pyridinium dichromate the thiolactone 225 can be prepared °®.

C02 Me 0 M
e
MeSi 3 2 CO; Me
e3Si0 R Rt Me3510
oics, cs, T Me, S|0

R' R? R' R?
97 279 221
Mel MeI
MeS,C CO;Me Me
Me,Si0O R3 cone
Me35|0
220 R' R?
222 on

R'=H st 0Et,

Me
CO;Me
N
R R2/3
223
Table 10. Synthesis of Thiophenes 223 or 224 According to Eq. 91
Entry R! R? R? Product Method Yield
1 H Me Me 224 BF; - OEt, 35%
2 H —(CH,)s— 224 BF, - OEt, 42%
3 Ph H H 223 CF,CO,H 20%
4 CMe, H H 223 CF,CO,H 41%
5 Me H H 223 CF,CO,H 7%
6 —(CH,),— H 223 CF;CO,H 169
7 —(CH,)s— H 223 CF;COH 29%;
CO,Me SMe
Mes 1) LDA COM
e,Si0 21 ¢S e
’ e YT (92)
L) PDC
7%
0
215 225
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It is evident that this addition/ring enlargement sequence has to be tested with other
heterocumulenes too. So far only phenylthioisocyanate has been used, but comple-
tely analogous to CS, dihydropyrrole derivatives 227 are now generated, which are
either isolated or directly aromatized to pyrrole-3-carboxylates 228 after acid treat-
ment (Eq. 93)°7.

CO,Me SMe SMe
1) LDA e
Me,Si0 R® 2) Ph—N=C=5 Ph__ COMe [ Ph CO,Me
* N7 Y H® N 3
31 Mel Me, Si0 R — = HO R
1 2
R R R' R? R R?
97 226 227
SMe
Ph_ N CO,Me
N
or
R™ 228 ®

93)

Yields are scattering very likely due to purification problems in some cases (Tab-
le 11). Similar to the thiophene series, oxidation of the hemiaminal 229 leads to the
unsaturated lactam 230.

SMe SMe
Ph CO,Me Ph CO2Me
\N N PDC \N N (94)
48%
HO 0
229 230

Table 11. Synthesis of Pyrrole Derivatives 227 or 228 According to Eq. 93

Entry R! R? R? Method  Product  Yield
1 H Me Me F~ 227 57%
2 H —(CH,),— F- 227 569
3 Ph H H H* 227 129,
4 CMe, H H H* 228 16%,
5 —(CH,);— H H* 228 59%

As mentioned before, this route to heterocycles by ring enlargement of three-
membered carbacycles should be extendable to other electrophiles having cumulated
double bonds X=Y=Z. Addition of ketenes or allenes, on the other hand, might
provide interesting carbocyclic systems.
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5 Sulfur-, Nitrogen-, and Carbonfunctions as Donorsubstituents
5.1 Activation of Cyclopropanes by Alkylthio and Arylthio Groups

Cyclopropanes carrying alkyl- or arylthio substituents have found many applications
in organic synthesis. Important developments are due to Trost’s efforts, who recently
reviewed the topic in this series ¥, There the subsequent reactions of key compound
232 have been described. The donor-acceptor substituted cyclopropane 237 serves

as starting material for 232 as outlined in Eq. 95 **.
OH
C02 Me 0
LiATH 1} n-Buli

PhS 86% : PhS 2] OMF ©5)
—78°¢ HO
81% SPh

231 232

Cyclopropanes with this combination of substituents did not receive too much
attention elsewhere. Ring cleavage of the ester 233 — obtained by the addition eli-
mination path(f) (cf. Scheme 1) — could be achieved by the Julia method providing
diene 234 199,

(E:OzMe
Br/\/\COZM LiS~tBu fBUS/\/\COZMe + tBuS H 1) MeLi
4 f 5 2) MeSO,Cl

19: 81 Nl-:t3

233 tBuS/\/\[/
234

(96)

MeSQ,Cl PhS
NasPh RaMax | PhS Pyrcine =

orNaBHL or TosOH PhS = AN
60-90% 50-90% &2 &3
Phs R? PhS
235 236 237 238
1) TosOH TosOH
2;::3012 Rl-H 75-95% R'-R%< H, Alkyl, Aryl
PhS o
07 Rl __HcoaH ]
—_—
=, ™ solaow  PRS
PhS R R2 0 & A
239 240 241

Scheme 11. Transformations of the Cyclopropyl Ketones 236
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Similarly, carbinols 237 are converted to dienes 238 having two benzenethio sub-
stituents (Scheme 11) %0, Here again starting materials are dichloro-cyclopropyl
ketones 235 (cf. Scheme 5), which can be transformed to the desired dithioacetals 236
by treatment with sodium benzene thiolate. Cyclopropanes 236 are ring opened to
B,y-unsaturated ketones 240, y-oxothioesters 241, or for R' = H expanded to furan
derivative 239 102 103),

5.1 Activation of Cyclopropanes by Amino Groups

The dichlorocyclopropyl ketones 242 are also precursors for aminosubstituted cyclo-
propanes 243 as illustrated in Eq. 97, which yield N,N-dialkyl y-oxoalkanamides
244109,

1 1

R 0 Re__.0
0
5 HNRS RN R - R' 97)
a R Eon 2 60-90% RN
2T RTR?
0
Ct Rz Cl R2 244
242 243 R'-R% H, Alkyl, Aryl

Addition of electrophilic carbenes to enamines usually does not proceed with good
efficiency, very likely because of the disturbance by the Lewis basic nitrogen '*.
If however the less basic enamide derivatives are used as olefins, high conversions to
donor-acceptor cyclopropanes are possible. Thus cyclic carbamate 245, which itself
originates from an oxycyclopropane, gives the bicyclic compound 246 almost quanti-
tatively. Its cleavage with aqueous base provides lactone 247 that could be coupled
with tryptophy! bromide to afford 248, a direct precursor of the alkaloid eburnamoni-
ne 10%),

CO,Et
- N,CHCO,Et __KOH/Hy0
Me0,C—N TP Me(0,C—N e HN
95% 8%
247
245 246 \ KOH
N 60%
H
N
A
N
250°C W
60%
0
Eburnamonine 98}
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Homopyrrole derivative 250 is available in rather low yield by cyclopropanation of
N-methoxycarbonyl pyrrole 249 with ethyl diazoacetate. Heating of 250 in the presence
of CuBr brings about “‘normal” ring cleavage under aromatization, whereas gas
phase thermolysis gives dihydropyridine derivative 252. Here the intermediacy of the
azatriene 251 and its electrocyclic closure to 252 are to be assumed (cf. ring openings
of homofuran compounds, section 3.2) 199,

CO,Et
- Ny CHCO.EY CuB = COZEt
MeOZC—Nf /> Cubr, 4 T Me0,C—N.__z w MeOzc—N/\;,/\
17%
248 250
*éooecp:h (99)
as ase
Et0,C CO2E
7 |—= Moo= N
Me0Q,C—N —
2 \ p
251 252

Methylenation of some B-amino «,B-unsaturated esters or ketones under Simmons-
Smith conditions is hampered by low activity of the olefins and formation of side
products 1°7,

The indirect introduction of an acceptor function is more efficient. The example in
Eq. 100 shows that arylthiosubstituted aminocyclopropanes — prepared from an
enamine and an arylthio carbene — can be oxidized to a sulfoxide or a sulfone, re-
spectively, which allows ring cleavage under protic conditions affording y-oxosulf-

oxides or y-oxosulfones as products 18199,
SAr 0SAr 0
Me2N Me-N Me.N _HoAe )5<\
ArSCH,CL e MCPBA 2 c
\=< Aesctl, Mes MCPEA o™ SOAr
62% 70% 86%
MCPBA
75%] —60°C—=~20°C Ar=p-CiCgH,
0 0 OzSAr 0,5Ar 0
)5<\ Mesz‘ nene | Me;N MeOH H)5<\SO A
HO SOzAr 2) NaOH H,0 G
79% 84%
(100)

5.3 Activation of Cyclopropanes by a Trimethylsilymethyl Group

The weakest donor function treated in this article will be the Me,SiCH, - unit which is
able to stabilize a positive charge by the well known B-effect *”. On the other hand,
very strong donor quality is attained from this substituent by treatment with fluoride
that generates a carbonionic centre. Using n-Bu,NF this type of initiation converts

129



Hans-Ulrich ReiBig

cyclopropane 253 into methyl 4-pentenecarboxylate 254. The starting material is
easily prepared from ally! trimethylsilane !9,

COzMe
NoCHCO,Me Me,Si n- BuyNF e COyMe (101)
Me3Si/\/ Culacacly:4 3 e XN
2% 51%
253 254

The ethyl ester 258 (Eq. 103) has been recovered unchanged after treatment with
the boron trifluoride acetic acid complex !!!), whereas cyclopropane 255 with an
additional 2-methy! group opens under these conditions to provide y-butyrolactone
257 112 Apparently the intermediate tertiary carbenium ion 256 is sufficiently stabili-
zed by the trimethylsilylmethyl and the methyl group to be generated from 255.

e
0BF, 0
CO, Et CO,Et
BF, -AcOH =
e QEt] — —= 0
0o Me3Si &
Me,Si
257

255 256
(102)

Enhancement of the acceptor quality can be gained by switching from the ester
group to a keto function. This has been realized by treating 258 with sodium or
lithium salts of sulfones. In the resulting f-ketosulfones 259 the cyclopropare ring is

o)

COzEt S02Ph 0
NaCH, 50, Ph BF; - AcOH \/\/U\/SO Ph
DMSO, DME 0°C 2
Me,Si 9% Me,Si 2%
258 259 260
88% | PhSO, o~ o~
Buli
SO0,Ph
0 = 0
BF; * AcOH A —_
97%
Me,Si S0,Ph (103)
PdCl,
CuCl, 0,
77%
0
0 SO,Ph
2617
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more strongly activated by the acceptor group — as compared to 258 —, since a
secondary carbenium ion as intermediate preceeds 260. This rather flexible synthesis
of unsaturated B-ketosulfones could be used for an approach to diketone 261, a known
precursor of cis-jasmone ',

Not surprisingly, two trimethylsilylmethyl groups further increase reactivity of
cyclopropanes. Therefore 262 opens to 263 even at —78 °C yielding a new functio-
nalized allylsilane as the product. An attempt to transform 262 into the corresponding
B-ketosulfone 264 leads to the unusual cleaved compound 265, which carries an
allyl and vinylsilane unit as well as the p-ketosulfone moiety. It is evident that this
mode of cyclopropane opening is initiated under the basic reaction conditions by
deprotonating the intermediate 264 in the side chain « to one of the trimethylsilyl

groups 1'%,
CO,Et
Mo CO,Et
®s |:>: NpCHCOREt Me,Si BF, AcOH
Rh; (DAC) B
Me;Si q:anf ‘ MesSi
M935|
NuCHzSOZ Ph
G
S0,Ph 0
Me,Si
Me,Si \ S02Ph
%%
Me,Si
Me;Si
264 : 265
(104)

Assisted by Lewis acid the acyl imidazole 266 can be cleaved to provide the expected
carboxylic acid 267. With fluoride in the presence of a Michael acceptor the inter-
mediate enolate can be trapped. A subsequent intramolecular Claisen condensation

0
=N
By Br HNﬁ \/ 1] BF,-OEt CO,H
__11BR-0Ft: o X 2
2 S TTNico im0 H,0 NN
Me,Si Meas- 8%

267

50% CsF, MeCN
~E0% —

Et0,C  CO,Et

CO,Et
S COEt

0 268 (105)
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forms the cyclobutanone 268 in reasonable yield '¥. The starting material 266
results from nickel tetracarbonyl-induced reductive carbonylation of the corres-
ponding dibromocyclopropane 265 9,

6 Conclusions and Further Perspectives

Syntheses of donor-acceptor-substituted cyclopropanes are possible by a variety of
methods which are often very efficient and flexible. Although these cyclopropanes are
usually stable enough to be isolated and handled without problems the vicinal location
of activating substituents allows relief of the ring strain under rather specific condi-
tions. These ring opening reactions cause donor-acceptor-substituted cyclopropanes
to be a versatile synthetic tool which can be used for transformations often not easily
achievable by other means.

Many combinations of substituents at the cyclopropane ring have been realized,
but not all are of synthetic value. In this respect alkyl 2-siloxycyclopropanecarboxylates
are of particular versatility. They allow many modes of ring cleavages which can be
combined with change of functionality or with C-C-bond forming reactions providing
a manifold of polyfunctional 1,4-dicarbonyl compounds, carbocycles, and heterocyclic
systems as products.

The fundamental chemistry of donor-acceptor-substituted cyclopropanes is now
well understood. This solid platform should allow many applications of known
processes and exploration of new reaction types. A future challenge will be asymmetric
syntheses which should be achievable, for instance, using Lewis acids containing
enantiomerically pure ligands. Even more attractive might be cyclopropane formation
under the influence of a suitable optically active catalyst. This intriguing approach
could lead to enantioselective syntheses of many compounds in a most economical
way. Finally it can be expected in the near future that transition metal induced re-
actions will also play an important role in this area of small ring chemistry.
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Although the use of cyclopropanes in synthesis has been an area of very considerable interest for many
years, much less attention has been drawn to the potential and actual uses of cyclopropenes. This
may perhaps be a reflection of the perceived difficulty in handling such species, but probably also
results from the rather limited routes to cyclopropenes, and in particular those bearing other functional
groups, compared to the variety available which lead to the saturated analogues. However, the devel-
opment of more flexible routes to cvclopropenes makes available not only the exploitation of those
reactions which are peculiar to the unsaturated system but also, through stereocontrolled addition to
the double bond, provides more efficient routes to cyclopropanes of particular stereochemistry. This
review will attempt to identify the progress which has been made in the synthesis of cyclopropenes, to
show the rich variety of their synthetic transformations, and to point to areas where future progress
may occur. It will not cover purely structural or spectroscopic aspects of cyclopropene chemistry, which
were dealt with in most excellent fashion by Closs ', and in several later reviews . Nor will the photo-
chemical or metal induced reactions be dealt with in great detail, the former area having been covered
in reviews by Padwa » and the latter in an article in the present series by Binger and Buch .
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1 Developments in the Preparation of Cyclopropenes

The routes available for generating a cyclopropene ring include those involving the
formation of the 1,3- (or 2,3-) bond, with or without allylic rearrangement, of one or
both of the 1,2-bonds, of both 1,3- and 2,3- bonds, and of both 1,3- and one of the

1,2-bonds in (1).

1.1 Base Induced Elimination in Allylic Systems

One of the earliest routes to cyclopropenes suitable for large scale use was the dehydro-
halogenation of an allylic chloride using strong base. This method is very effective
for cyclopropene itself ¥. It is also effective for simple alkylcyclopropenes, though the
base used is critical as in some cases the cyclopropene reacts further to give a methyl-
enecyclopropane ; thus, reaction of 3-chloro-2-methylprop-1-ene with sodium amide
in tetrahydrofuran at 65 °C can provide large quantities of 1-methylcyclopropene,
but with potassium amide the product is methylenecyclopropane ®7. In general,
however, lithium amide appears to be the base of choice 8-9':

CH2R CHaR R
)\/ Cl NaNHz & KNH 3 g

= ReH Me

Me\//vCl _LiNnAG Me A

Cl  LinHy
éY N Me

Me

The position of the alkyl substituent in the product indicates that cyclisation occurs
with rearrangement of the double bond, ie., by 1,1-elimination and formal formation
and cyclisation of a vinylcarbene. Although the overall yields are not always good, the
reagents are readily available and large quantities of the simple alkylcyclopropenes
can be produced. 1,2-Dimethylcyclopropene has been prepared in a similar process by
treatment of methallyl chloride with two equivalents of phenyl lithium, followed by
quenching with methyl iodide; presumably, the initial reaction leads to l-methyl-
cyclopropene which is converted in situ to the 2-lithio-species '®. The elimination of
HBr from brominated alkylidenemalonates also leads to cyclopropenes, though in
low yield 'V:
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Phy ,COpMe Me02Cy /CO2Me
Me72=<COzMe NaOMe _ A
Me Ph

H Br

In a recently developed method, the single bond of a cyclopropene is obtained by
1,3-dehalogenation in an allylic system; thus reaction of the iodochlorides (2) with an
alkyl lithium at —78 °C leads to a range of cyclopropenes '?:

R3
R1: :RZ
RLi
[ CHR3CL 7%¢ A
R R2

2

The required iodochlorides can be prepared from propargylic alcohols by carbo-
metallation followed by iodinolysis:

I MejAl . M
— CtyZrCpy e
RI——CHR?} _—— — . —=<
\ o | CHR3CL
OH MChlorinalion
A variation leads to cyclopropanes:
HsMes BrCH SiM
Bra .——SiMes Me3Al r 2>=< Mes
% ClyZrCpy M Me AlMe3
25°C e 3
Me

It is thought that addition of trimethylaluminium across the alkyne leads to (3), which
undergoes 1,3-elimination to produce 1-methyl-2-trimethylsilylcyclopropene; addition
of trimethylaluminium to the double bond follows, with the expected regiochemistry 13),

1.2 Formation of Both Components of the 1,2-Bond:
Elimination in 1,3-Halogenated Propanes

Although this review does not in general cover cyclopropenones, it is important to
note the elegant preparation of cyclopropenone dimethylacetal by reaction of
2,3-dichloropropene with N-bromosuccinimide in methanol to produce (4), followed
by treatment with potassium amide in liquid ammonia 14,

MeO OMe MeOy ,OMe
——
Br Ct
4

The double dehalogenation of 1,1,3,3-tetrachlorides provides an attractive route to
some cyclopropenes:
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. . Zn
RCCly CHz CLligMe o A

R Me

The starting polyhalides are obtained in reasonable yield by addition of, eg.,
1,1,1-trichloropropane to 2-chloropropene, initiated by Fe(CO), — HMPA. Treat-
ment with zinc in DMF leads to good yields of 1,2-dialkylcyclopropenes, but the
reaction is much less satisfactory when one of the substituents is hydrogen or
chlorine ', and it does not seem to have been tested with more heavily functionalised
systems.

The double dehydrobromination of a,0’-dibromoalkanedicarboxylates (5) is a
good route to cycloalkene diesters when n = 2-4, but unfortunately is not successful
with n = 1; when (§, n = 1) is treated with one equivalent of potassium t-butoxide,
a reasonable yield of the E- and Z-bromides (6, X = Br) is obtained, but a second
equivalent of base leads to E- (6, X = Bu'O), presumably by addition of t-butylalcohol,
to an intermediate cyclopropene !¢,

~CHBrCQO;Me ~CCOyMe
{CHa)n —~—= (CHa), || %
“NCHBrC0O;Me SCCOozMe

5 Me02C COzMe

6

An unusual alternative involves the reaction of the dibromide (7) with base:

?N o Ph CO,Et
-
RCOC—C —_—
| | SCHCO,EL
Br Br RO’ \CN
7

This formally occurs by two dehydrohalogenations, 1,3- and 1,2-, though the sequence
of these is not certain *7.

1.3 1,2-Elimination in Cyclopropanes

Early work on 1,2-elimination in cyclopropanes centred on the thermal elimination
of amines from cyclopropyltrialkylammonium salts ). An elegant example is a route
to optically active cyclopropenes involving the resolution of the acid (8, R = CO,H),
conversion to the quaternary ammonium sait (8, R = *NMe,) and elimination over
platinised asbestos at 360 °C '%):
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However, the ready availability of halocyclopropanes has led to extensive studies of
their 1,2-dehydrochlorination, and amines are now rarely used as cyclopropene
precursors. Although the reaction of 1,1-dichlorocyclopropanes with strong base
does in certain situations lead to cyclopropenes, it is frequently the case that the
initially formed 1-halocyclopropene does not survive under the reaction conditions,
undergoing either addition of a nucleophile to the alkene bond or prototropic shifts
followed by further dehydrohalogenation. Two main variations on this method are
available which proceed under conditions where further reaction does not, in general,
occur, that is 1,2-dehalogenation and 1,2-dehalosilylation. Each of these three alter-
natives will be considered in turn.

1.3.1 1,2-Dehydrohalogenation

Because 1,1-dihalocyclopropanes are so readily available by carbene addition to
alkenes, their dehydrohalogenation to 1-halocyclopropenes provides, in principle,
one of the most attractive routes to functionalised cyclopropenes. However, most
early studies of the reaction did not lead to the cyclopropenes themselves, but to
products of their further reaction. The main problems arise when the 1-halocyclo-
propene (9) can undergo prototropic shifts by removal of a proton from C; or C,,
or when the base used is also a good nucleophile and addition to the cyclopropene can

occur:
H R R
3 Base —- T Ccl
\

%Cl
Nu~ 1
H Nu R
9 }A v
hoc 10

The former problem is absent in systems such as (10), and the second problem is
sometimes lessened when a mono-halocyclopropane is used in place of a dihalide, the
rate of addition to the derived cyclopropene being decreased due to the lack of halogen
on the double bond. The following discussion is divided into two sections to cover the
frequently met situations:

Dehydrohalogenation of Monohalocyclopropanes

Problems with subsequent reaction of a 1-halocyclopropene may be avoided by
reduction of the dihalocyclopropane to a monohalocyclopropane prior to dehydro-
halogenation. Thus 3,3-dimethylcyclopropene may be obtained in multi-gram quanti-
ties by treatment of 1-bromo-3,3-dimethylcyclopropane with potassium t-butoxide
in DMSO at —78 °C'?. Dehydrohalogenation of a series of related 3,3-dialkyl
substituted monochloro- or monobromo-cyclopropanes leads to moderate yields of
cyclopropenes (11, R = alkyl, alkenyl, aryl, CN, Cl, R! = H, Ph, t-Bu, R* = H) ?9;
Indeed, dehydrobromination of (12) leads to either mono- or di-cyclopropenes 2V
Reaction of a dihalocyclopropane with an alkyl lithium at low temperature followed
by carboxylation of the derived 1-lithio-1-halocyclopropane provides a convenient
source of l-halocyclopropane carboxylates; dehydrohalogenation leads to cyclo-
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propene esters (11, R? = CO,R) ??. In the same way the tricyano-system (13) elimi-
nates on reaction with triethylamine even at —78 °C 23,

R R Br CN

~ 3 N
Ct Ct

R! R2
11 Br CN CN
12 13

A new adaptation of this method involves passing the halocyclopropane at low
pressure over potassium t-butoxide on a solid support, condensing the products at
low temperature. In this way, bromocyclopropane is converted to cyclopropene,
although the yields in preparative reactions are low ?¥. Using KOBu' supported on
chromosorb-W, 1-chloro-2-methylenecyclopropane is converted into methylenecyclo-
propene, which is unstable above —75 °C 2, and I-chloro-2-vinylcyclopropane is
converted into 1-vinylcyclopropene 2. In the case of the dichloride (14), however,
a simple double dehalogenation does not occur, and 1-vinylcyclopropene again results,
in a process involving an overall reduction. The reaction has been explained in terms
of initial formation of the monochloride (15) followed by radical cleavage of the
cyclopropene bond and elimination of a chlorine atom to produce (16), and then
hydrogen atom abstraction ; some support for the final step is provided by the isolation
of acetone, presumably derived from t-butylalcohol by hydrogen abstraction 2®.

> P >

ct ct Cl 16
1% 15

When the dehydrochlorination of (14) is carried out in solution, the reaction follows
a rather different course, and (17) and (18) are isolated. These products may both be
explained by a reaction sequence involving addition of t-butoxide to the monochloride

(15) %,
74 E/.\oaut

OBut ‘OBut \OBut
17 18

Dehydrohalogenation of 1,1-Dihalocyelopropanes

The dehydrohalogenation of cyclopropanes bearing three alkyl or aryl substituents
as in (19, R! = t-Bu, Ph) leads to halocyclopropenes which cannot undergo proto-
tropic shifts by removal of an allylic hydrogen. When R! = Ph and R?* = H, alkyl
or aryl, good yields of chlorocyclopropenes may be obtained >’ ~2%. In other cases
ring opening is also observed:
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R2 R2 Me Me Me Me
Me
R! at LI + But-=<
But cl
Cl ol But Cl 22
13 20 21

The origin of the alkyne in this reaction was not clear *®, but this will be discussed
again below. In the same way the methylene cyclopropenes (24) can be obtained from
the corresponding 1,1-dibromocyclopropanes, although the products are extremely
sensitive to water, undergoing rapid hydrolysis at ambient temperature to produce
(25) and (26), presumably by initial hydration of either of the two double bonds 3V,

H But [¢]
0
]
t But—CH,—C—c=c—But
Bu
Br But But 26
24 25

The reaction of the dimethyl-derivative (27) with butoxide ion might be expected
to produce the chlorocyclopropene (28); however, in practice two eliminations occur
to produce (31) and the carbene (30), which can be trapped by an added alkene. Both
products may be derived from (28), by a 1,4- or a formal 1,2-elimination respectively;
a study using a *C-label at C-1 of (27) showed that the carbene (30) was formed with
the label exclusively at C-1, suggesting elimination via (29) 3. However, in a related
study, the isolated cyclopropene (28) labelled with *2C at C-1 has been shown to react
with methyl lithium to produce the carbene (30) labelled only at C-2; this suggests
either that the reaction of (28) with butoxide follows a completely different course to
that with methyl lithium, or that (28) is not involved in the reaction of (27) with
base **). In a similar reaction the dichloride (32) has been shown to react with t-
butoxide in DMSO to produce the allene (33); the product may be explained in terms
of initial elimination to produce (34), followed either by rearrangement to the alkyne
(35) and then elimination or by direct 1,4-elimination as in (36), followed in either
case by a prototropic shift. Whatever the mechanism, a *2C-label at Ca in (32) is
found at Ca in (33) 3%,
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An exception to the general rule that halocyclopropenes cannot be isolated when
prototropic shifts are available is seen in the reactions of (37, R = Me(CH,), or H)
with potassium hydroxide in ethanol at reflux, which are reported to lead to 1,2-
elimination to bromocyclopropenes 3%,

A variation on the above elimination is also possible in certain trihalocyclopropanes.
Thus (38) undergoes clean base-induced elimination of HBr to provide a route to
1,1-difluorocyclopropafa]naphthalene %),

F F
Br\ /Br Br F E

O
R {CHaIn COLR!
37

Br
38

1.3.2 1,2-Dehalogenation

Dehalogenation of perhalocyclopropanes using zinc provides a very simple route to
tetrahalocyclopropenes 3¢. Moreover, a number of the problems of further reaction
inherent in the 1,2-dehydrohalogenation of halocyclopropanes (see above) may be
removed by use of dehalogenation of a 1,2-dihalocyclopropane with an alkyl lithium. In
this way, reaction of (39, R = R! = Me) with butyl lithium at —78 °C leads to 1,2-
dimethylcyclopropene, while (39, R, R! = (CH,), or (CH,),) leads to the highly
strained bicyclic species (40, n = 3,4) which may be trapped as Diels-Alder adducts 7.
The 1,2-dihalocyclopropanes can be prepared from the corresponding dicarboxylic
acids by the Hunsdiecker reaction 37, but otherwise are not widely reported, though
they can be obtained by reduction of tri- or tetrahalocyclopropanes (or by addition of
halogen to a cyclopropene!). In general, it is simpler to dehalogenate 1,1,2-trihalo-
cyclopropanes- or 1,1,2,2-tetrahalocyclopropanes themselves; these are readily
available by dihalocarbene addition to halogenated alkenes. The presence of the
additional halogens has the added advantage of making the initial lithium-halogen
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exchange more facile. Thus treatment of (41) with methy! lithium at —90 °C leads
to(42) in a reaction which can be explained by lithium-bromine exchange at C* followed
by 1,2-loss of lithium halide 3839,

The reaction is successful with a variety of alkyl substituents at 2- or 3-positions. It
is also successful with the geminal-dichlorides (43), though somewhat more vigorous
conditions are required. When X = Cl and R = alkyl, the reaction occurs in ca
10 min. at 20 °C, presumably initiated by lithium-halogen exchange at C'; however,
when R = H, the reaction follows a different course, and lithium-hydrogen exchange
followed by 1,2-elimination of LiCl is observed **). When X = Br, the reaction occurs
at somewhat lower temperature and may be initiated by lithium-bromine exchange;
indeed with R = H or alkyl, overall 1,2-elimination of BrCl is observed % 3. This
dehalogenation procedure can be carried out on a multi-gram scale and in many cases
the 1-halo-cyclopropenes are stable for long periods at ambient temperature. Because
the solvent is ether and work-up is simple, it can be applied to relatively unstable
products such as (28) **. An added advantage is that lithium-halogen exchange in
the product 1-halocyclopropene occurs readily on addition of a second equivalent
of alky! lithium (see Section 2), enabling a wide range of substituents to be introduced
at C! of the cyclopropene by further reaction with electrophiles.

1.3.3 1,2-Dehalosilylation

Dehalosilylation of 1-halo-2-trialkylsilylcyclopropanes occurs under mild conditions
and in general without further rearrangement, when brought about by fluoride ion.
Thus treatment of (45, X = Cl, Br) with caesium fluoride leads to 1-chloro- or
1-bromo-cyclopropenes in good yield, while (46) is converted to the highly strained
cyclopropene (47) which can be trapped as a Diels-Alder adduct with a furan *?. In the
same way reaction of (48, X = Cl) with tetra-n-butyl ammonium fluoride at —20 °C
leads to 1-bromo-2-chlorocyclopropene (49, X = Cl) which can be trapped in 80-90 9,
yield by cyclopentadiene . Moreover the cyclopropene, which may be stored for
several days at that temperature **), undergoes Diels-Alder reactions with 1,2-bis-
methylene-cyclohexanes and therefore acts as an efficient synthon in several routes
to cycloproparomatics 4243, Reaction of the tribromide (48, X = Br) with fluoride
ion provides a convenient route to (49, X = Br), while treatment with butyl lithium
leads to (49, X = SiMe,) *.
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1.3.4 Other Eliminations

An alternative to the above eliminations, which in principle offers a great many
advantages, is the metal induced elimination of the elements of ROBr from a 2-
halocyclopropyl ether. Thus the sequence of addition of dibromocarbene to an
enol ether, reduction to a monobromide and reaction with magnesium in tetrahydro-
furan provides a route to cyclopropene itself 4,

The oxidation of a phenylselenylcyclopropane with elimination of PhSeOH has
also been reported, but in the particular case examined the product, (50), was unstable
and could only be detected indirectly by trapping with methanol as the ring opened
ester (51) 46,

X X X
C?< (e A
cl SiMes
47 Br Br
49

SiMes SiMe;
45
O] g ®

cl Cl
(Yo — I <t — [

SePh Cl COzMe

+S/F’h
50 51 |

52

Reaction of the sulphonium salt (52) with cyclopentadienide ion leads to methylene-
cyclopropene, though this can only be trapped in low yield by addition to cyclo-
pentadiene 47,

1.4 From Alkynes

The reaction of a diazo-compound with an acetylene either photolytically or in the
presence of a catalyst represented one of the earliest routes to cyclopropenes, and is
especially useful for 3-functionalised system !). In some examples the diazo-com-
pound adds to the acetylene to produce a pyrazole which on photolysis leads either
to a vinylcarbene or to the ring-closed cyclopropene. Thus 2-diazopropane adds to
acetylenes carrying electron withdrawing groups such as esters or nitriles to give good
yields of pyrazoles; these are converted by photolysis to electrophilic cyclopropenes.
In the case of acetylenic ketones some dienic products may also be obtained *®:

The adduct (53, R = CO,Me, R! = CH = CMe,) is quantitatively converted to
the cyclopropene ester (54, R = CO,Me, R! = CH = CMe,) on photolysis; (53,
R! = CO,Me, R = CH = CMe,) leads to the same cyclopropene, the intermediate
carbene (55) closing regioselectively at the methoxycarbonyl-substituted terminus,
presumably due to steric effects in the intermediate *®. Other examples of this reaction
are not always so efficient. Thus, although (53, R = R! = Ph) is converted to (54,
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R = R! = Ph) in very high yield by photolysis, the pyrazole is formed in only 3%,
yield from diphenylethyne. > The formation of cyclopropenes from pyrazoles
apparently occurs via the corresponding diazo-compound. Thus photolysis of (53,
R = R! = Ph) at between 330 and 410 nm has been shown to lead to the diazo-
compound (56) which on further photolysis or pyrolysis is converted to (54) %%,
Indeed, photolysis of vinyldiazoalkanes provides a good route to cyclopropenes;
thus photolysis of E- (57) leads to 3-alkoxycarbonyl-3-cyanocyclopropene V), while
(58) leads either to the corresponding cyclopropene or to reversal to the pyrazole 52,

Photolysis of the 3H-pyrazoles (59) leads to good yields of the corresponding
cyclopropenes (60) in reactions which have also been shown to proceed through the
diazo-compounds. With (59, R®> = Ph) an additional product is the indene (61),
apparently derived by ring closure of the carbene (62) followed by a 1,5-hydrogen
shift. Moreover the pyrazoles (59, R = POPh,, X = O) lead to allenes (63) as well as
cyclopropenes. In this case the cyclopropene is quantitatively converted to allene on
further photolysis, presumably by ring opening to the vinyl carbene followed by a
1,2-shift of the diphenylphosphoryl group *¥.

X
i Il 2
R\ ,PPhy R PPha R
- 1
R> AN O‘ R
R
RZ R? H PXPh,
59 60 61
1 COoMe
R .F’X Phgy R2 POPH Ph COqMe MeO R
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R POPh; oh N 0 R
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Photolysis of pyrazoles such as (64) has also been shown to produce indenes as well
as cyclopropenes. The indene is apparently derived from a triplet intermediate, while
the cyclopropene is singlet derived *. In a related example, direct photolysis of
dimethyl diazomalonate in an alkyne leads to moderate yields of cyclopropene,
whereas sensitized photolysis leads to furans by ring closure of an intermediate
diradical (65) 3%

In other cases cyclopropenes have been obtained by direct reaction of an alkyne
with a diazo-compound in the presence of a suitable catalyst. Typical of these is the
reaction of ethyl diazoacetate with alkynes in the presence of copper, which is reported
to lead to about 40-509%, conversion to cyclopropene per equivalent of diazo-com-
pound. This has been applied to the synthesis of the important naturally occurring
cyclopropene, sterculic acid, (66) °:

COzEt
CH3(CH2)7C=C(CHy),COH  ————
CH3(CHy)y (CH2)7COoH
HCLO 4 7Ac 20
H NaBH, - ~
CH3(CHy)7 {CH},COH =——2%  CH3(CHay (CH3)9COH

66

The addition of alkoxycarbonylcarbene derived by catalysed decomposition of
methyl diazoacetate to several simple, and in particular terminal, alkynes leads to low
yields 37, but the reaction with 1-trimethylsilylalkynes proceeds reasonably efficiently;
subsequent removal of the silyl-group either by base or fluoride ion provides a route
to 1-alkyl-3-cyclopropenecarboxylic acids. In the same way 1,2-bis-trimethylsilyl-
ethyne can be converted to cyclopropene-3-carboxylic acid itself *®). The use of
rhodium carboxylates instead of copper catalysts also generally leads to reasonable
yields of cyclopropenes, even from terminal alkynes 5.

The addition of dihalocarbenes to alkynes is again a rather inefficient process and
usually leads.to the isolation of the cyclopropenone rather than the 3,3-dichlorocyclo-
propene. In a rather unusual example, however, 2-butyne is reported to be converted
to (67). This product is apparently derived by addition of dichlorocarbene to the
corresponding methylenecyclopropene, derived in turn by elimination of HCl from
the primary adduct (68). The cyclopropene (67) does not appear to ring open to a
vinylcarbene, but can be trapped in Diels-Alder reactions with cyclopentadiene .
A related addition of dichlorocarbene to ethyl 2-butynoate also leads to a low yield of
the 3,3-dichlorocyclopropene, which may be hydrolysed to the cyclopropenone 61).
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Additions of other types of carbene to alkynes are not common, though Me,C = C;,
generated from 2-methylpropenyl triflate and base, does add to alkynes to produce
transient methylenecyclopropenes which may be trapped as Diels-Alder adducts °2).

1.5 From Cyclopropenium Salts

Reduction of cyclopropenium ions by hydride ion provides a viable route to cyclo-
propenes ®*%, With disubstituted ions borohydride has been found to attack exclusively
at the unsubstituted position, presumably for steric reasons; this has been used in the
synthesis of sterculic acid (66) (see above) 9. Reduction of 1,2-diaryl-3-chlorocyclo-
propenium ions with dimethylamine-borane in methanol-water is also reported to be
efficient 53, Cyclopropenium salts are also readily trapped by Grignard reagents;
thus 1,2-diphenylcyclopropenium ion is converted to the rather unstable 1,2-dipheny!-
3-methylcyclopropene; this may be stored as a charge-transfer complex with 9-
cyanomethylene-2,4,7-trinitrofluorene and regenerated quantitatively ®. A very
interesting variation is the trapping of cyclopropenium ions by amide ion to produce
the unsaturated analogues of 1-aminocyclopropanecarboxylic acid:

Ph Ph Ph Ph

COzMe HzN COzMe

although the reaction has apparently not been extended to less substitued systems,
nor has addition to the double bond to produce 1-ACCs themselves been examined %,

Reaction of the diphenylmethoxycyclopropenium ion with (69) provides a simple
route to functionalised methylenecyclopropenes 5 :

Ph Ph Ph Ph
,o TC(SiMes);
S0,Ph |

OMe 69 Me3Si” “SO,Ph
Ph Ph Ph SMe
RMgX \7/
SMe Ph R
70
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In the case of the corresponding thio-derivative, the reaction with Grignard
reagents is not completely regioselective, although (70) is the major product 7.
Trapping of cyclopropenium ions with e-lithiodiazoalkenes and with stannylynamines
has also been reported %8 5%):

But But
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But | But I’I
N; But
71

The cyclopropenyl diazocompounds (71) are thermally very stable but decompose
under photochemical conditions to produce two alkynes, apparently by fragmentation
of a cyclopropenylcarbene 5%,

2 Functionalisation of the Cyclopropene Double Bond:
Metallation at the 1-Position

Many of the routes to cyclopropenes described in section 1 lead to compounds with
hydrogen or halogen substituents on the alkene; these may often be functionalised by
metal-halogen or metal-hydrogen exchange followed by trapping with electrophiles.
The acidity of the vinylic C—H bonds of cyclopropene is close to those in acetylene —
indeed the vinylic hydrogens of methyl cyclopropene-3-carboxylate exchange when the
ester is hydrolysed with aqueous sodium hydroxide ". The deprotonation can be
carried out quite readily using a metal alkyl or dialkylamide, although addition to the
cyclopropene is a potential competing process (see addition reactions below). Another
process which can compete with metallation at the double bond is removal of an allylic
hydrogen from a 1-alkyl substituent on the cyclopropene and rearrangement first to a
methylenecyclopropane and then to a vinylcyclopropane. This process occurs readily
with bases such as potassium t-butoxide, as seen later in the reactions of some 1-
halocyclopropenes; further examples are the conversion of 1,3,3-trimethylcyclo-
propene to 2,2-dimethylmethylenecyclopropane by reaction with KOBu' but to
1-lithio-2,3,3-trimethylcyclopropene by treatment with lithium dicyclohexylamide ™,
or methyl lithium 72, and the conversion of (72, X = CO,R, COR, CH,0H) to (73)
by base ™.

The majority of metallations have involved lithium, and the metallated derivative
may be trapped by a variety of electrophiles! including aldehydes ™, and allylic
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halides 72’75), although in some cases such as dimeth lacetamide, ring opening can
g Y
result 79,

X X —
Z—g A 3
/
R R’ Me
72 73 74

Cyclopropen-1-yl sodium derivatives are also readily prepared. Thus reaction
of cyclopropene with one equivalent of sodium amide in liquid ammonia leads to
1-sodiocyclopropene which is alkylated by haloalkanes 77:7®), reacts with ketones
to produce tertiary alcohols and opens epoxides to produce 2-cyclopropenyl-
ethanols in moderate to good yields 7. Moreover, on reaction with two equivalents
of base followed by haloalkane, 1,2-dialkylated species are obtained; sequential
reactions can also be used to produce unsymmetrically substituted cyclopropenes ™.
Reaction with a deficiency of sodium amide can also cause addition of the cyclopro-
penyl anion to unreacted cyclopropene, leading to products derived from the 2-cyclo-
propylcyclopropen-1-yl anion and to 1,2-dicyclopropylcyclopropene 77,

Reaction of a cyclopropeny! lithium with cuprous chloride at —70 °C leads to the
corresponding organcuprate, but this is reported to lose copper; thus the 2,3,3-tri-
methyl-derivative is converted to (74) 8. The 1-lithiocyclopropenes may however
be converted to 1-trialkylsilyl, trialkylstannyl, or trialkylgermyl derivatives, eg. 8'-32):

Me Me Me Me Me Me
R3MClL M=si
I LDA
Li MRy TMeSSOMe g SiR;
75

and the first of these may be further lithiated at the 2-position and trapped to provide
routes to, eg., thicalkylcyclopropenes, (75) 32,

Lithium-halogen exchange provides a versatile and often more facﬂe alternative to
lithium-hydrogen exchange. In particular, l-bromocyclopropenes such as (77,
R = Me) react very readily with lithium alkyls at 0 °C and below. The bromocyclo-
propene may in principle be obtained by dehydrobromination of a dibromocyclo-
propane, but an attractive alternative is the reaction of a trihalocyclopropane with two
equivalents of methyl lithium, followed by trapping with an electrophile 3%:

Me Me

Me Me Me
M!Ll
f } X=Beol 2 /. N\ A é
R
X Br

The overall yields of (78) from (76) are generally about 60-80%;. The lithiation
reaction is successful even with a hydrogen at C-2, as in the formation of (78, R = H,
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E = CO,H). The lithiation of 1-bromo-2-trimethylsilylcyclopropene has also been
reported, providing a simple route to 1,2-bis-trimethylsilylcyclopropene after quench-
ing with chlorotrimethylsilane Y. The chlorocyclopropene (79, R = Me), which
may be obtained from the corresponding 1,1-dichloro-2-bromo- or 1,1,1-trichloro-
cyclopropane and methyl lithium, also undergoes lithium-halogen exchange on
further treatment with methyl lithium, but the reaction is slower, requiring 40 min.
at 20 °C3%; in this case, the monochloride (79, R = H) reacts instead by lithium-
hydrogen exchange, and the ring opens with loss of lithium chloride to produce
carbene (80) 8. Although the related 1-bromo-2-chloro-3,3-dimethylcyclopropene
(79, R = Brj is unstable at ambient temperature, ring opening to two isomeric vinyl
carbenes (see later), it reacts with methyl lithium at or below ambient temperature in
the presence of an alkene to produce a cyclopropane apparently derived by the addition
of the same carbene (80) to the alkene. If it is assumed that this reaction is initiated by
lithium-bromine exchange, there are a number of possible ways by which (79, R = Li)
can rearrange to the carbene, eg. elimination to produce a formal cyclopropyne, or
cleavage of either 1,3- or 2,3-bonds with elimination of lithium chloride. A *2C labell-
ing study indicates that it is the 1,3-bond which breaks 33-8%, A similar study of the
generation of the carbene from the reaction of (79, R = H) with methyl lithium also
shows cleavage of the 2,3-bond, the label appearing at the central allenic carbon on
trapping *%.

The conversion of 2,3-disubstituted 1,1-difluorocyclopropanes to 1-alkyl-2,3-
disubstituted cyclopropenes may be achieved by treatment with two equivalents of
alkyl lithium at —70 °C. The reaction apparently proceeds by initial lithium-hydrogen
exchange and loss of lithium fluoride to generate a 1 -fluorocyclopropene. It is suggested
that this undergoes rapid reaction with the lithium alkyl at the carbon bearing fluorine;
an alternative process which may occur, particularly when the 2-substituent is phenyl,
would be an addition to the double bond followed by elimination of fluoride ion. 8
In the case of the difluoride (81, R = F), an alternative reaction occurs with butyl-
lithium and (82) 1s isolated in moderate yield. It seems likely that an intermediate
1-fluorocyclopropene reacts by lithium-hydrogen exchange at C? to produce (83).
Labelling studies are consistent with the ring opening of this species by cleavage of
the 2,3-bond to produce (84); it is proposed that the ring opening is brought about
by attack of the alkyl lithium at C? followed by, or concerted with, loss of fluoride
ion, but analogy with the results described above for (79, R = Br, H) suggests that the
lithio-species may in fact lose lithium fluoride directly to produce the carbene (85),
which could be trapped by the alkyl lithium to produce the lithium salt of (82) 8%,
The related monofluoride (81, R! = Ph, R = Me) is converted to 1-lithio-2-methyl-
3,3-diphenylcyclopropene by reaction with butyl lithium, but trapping by carbon
dioxide is not very efficient 3¢

Me Me Mex Me R Ph
A Y
Il
R 1 2Cl 3 R
79 80 F

81
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Bu R' Ph Bu R1YPh
| : .
Ph—C~C=CH ; R’—c\(CFL‘ ;
R'I . Ph . (14
F Li Li 85
82 83 84

An alternative method of vinylic substitution involves the reaction of 1-benzenesul-
phonylcyclopropenes with an alkyl lithium:

2 ; R2Li 2 ;
R? SOzAr R1 R2

The reaction generally proceeds in good yield and could involve an addition-elimina-
tion, though the regiochemistry appears to be incorrect for this. An alternative would
be an Syl process involving (86). The reaction has been applied to the preparation
of (87) from the silacyclopropene; photolysis then leads to the novel tetracycle (88)
through an intramolecular [2+ 2]-cyclo-addition ®7.

-:. ; Me3Si
R’ SOZAI‘

86

Me Me

&

SiMes

Lo b
(@]

3 Thermal Reactions of Cyclopropenes

As might be expected from their inherent strain, many cyclopropenes undergo rear-
rangement, dimerisation or even polymerisation under relatively mild conditions.
The conditions required for reaction are, however, very variable and some cyclo-
propenes, such as 3,3-dimethylcyclopropene, are stable at relatively high temperature
(150 °C in this case). Three main reactions are described below — the ene-reaction,
[2+ 2]-dimerisation, and rearrangement to vinylcarbenes.

3.1 The Ene-Reaction

Cyclopropenes having a hydrogen at C* often undergo a particularly facile dimerisa-
tion by an ene-type reaction. Thus cyclopropene itself has long been known to undergo
dimerisation to cyclopropenyl-cyclopropane on standing at —25 °C; the dimer is
converted to oligomers at longer reaction times #®. The cyclopropene fulfils the roles
of both ene- and enophile:
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The presence of a methyl-group at C-1 confers little selectivity, a mixture of three
dimers being obtained in low yield (18 %). The cyclopropene does, however, act as the
ene-component in a facile reaction with perfluorobutyne or dimethyl acetylenedi-
carboxylate at —30 °C, which can proceed with explosive violence at higher tempera-
tures. The initial products are the vinylcyclopropenes (91, X = CF;, CO,Me), but
these are reported to be unstable at 25 °C 3. Reaction of the cyclopropene with t-
butylcyanoketene leads initially to the ene-product (92), which can either react further
or be trapped as an ester by reaction with additional ketene. A similar reaction occurs
with perfluorodimethylketene, although in polar solvents such as acetonitrile an
additional product is (93); this apparently arises by a polar addition leading initially
to (94) which can rearrange to a cyclopropenone and then lose carbon monoxide *?.
In the case of 3,3-dimethylcyclopropenes, which cannot act as the enophile, reaction
with t-butylcyanoketene leads predominantly to (95), though once again a competing

dipolar pathway is observed, in this case leading to, eg., (96) *V.
X CN
)XH Buljol‘l F3C\g:3
H Me H Me
971 92 93
M
a e [ Me
q-» NC R
o:\. y NC R |
\ But ?
C(CF3)2 Bt Me Me 0-§TCN
94 95

But
96

1-Methylcyclopropene is also trapped in moderate yield by ene-reaction with
bis(trifluoromethyl)thioketene ®. Tetracyanoethylene can also act as the ene-
component in reactions with cyclopropenes. Thus with cyclopropenes bearing an
allylic ring hydrogen such as 1-methylcyclopropene the only product is (97), whereas
when no such hydrogen is present products apparently derived by trapping of a ring-
opened vinylcarbene or diradical, eg., (98) from 1,3,3-trimethylcyclopropene, are
isolated %,

Me NG N Ph Ph  Ph CO4R
C(CN);—CH(CN), NC CO4R Ph Ph
97 98 99 100
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Other cyclopropenes have also been shown to act as the enophile or the ene; thus
(99) is converted to (100) in reasonable yield by reaction with benzyne ®¥, and (161)
is converted to the diastereoisomers of (102) on heating with trans-2-butene for 11 h
at 80 °C. The major product is believed to be (a), resulting from pseudo-exo-approach
as in (103) %9,

H
cL ¢l N H
Me CF3
F3C Cl
F3C CFy cl
101 102a

In other cases the rate of ene-dimerisation is so high that trapping by external enes

or enophiles is inefficient. Thus the diarylcyclopropene (104, R = H) is not trapped
by 3-phenylpropene, and leads to only low yields of ene-products analogous to (97)
with tetracyanoethene, dibenzoylacetylene or dimethyl acetylenedicarboxylate. The
major product in each case is an ene-dimer; this was possibly originally identified as
(106) °®, but is now characterised as (105, R = H), and is obtained essentially quanti-
tatively when the cyclopropene itself is warmed above —78 °C. Rate studies reveal a
low E, for the process, but a large negative AS¥, in agreement with a concerted ene-
process. Comparison with the 3-2H-cyclopropene reveals a large isotope effect (3.1 at
—30 °C) and the formation of a product with the two H-substituents cis, that is (105,
R = 2H) 7. The ene-reaction of such 1,3-disubstituted cyclopropenes represents a
rather novel process in that, if an exo-transition state is involved as in (104) — (105), the
process can only occur if the two different components are enantiomers. In the case of
the cyclopropenes above, with two identical aryl-groups, it is not possible to confirm
this analysis. However, the ester (107) and acid (108) form a single dimer on standing at
20 °C. This has been shown by crystal structure analysis to be (109), confirming the
exo-nature of the transition state, at least when the ene component has geminal-
substituents at C3 %%,
The acid (108) itself undergoes dimerisation at 0-20 °C, leading to two ene-dimers:
the major dimer was shown by crystallography to be (110), consistent with an endo-
transition state in an ene-reaction. The minor dimer is characterised as (111) on
the basis of spectroscopic evidence, the regiochemistry at the cyclopropane in this
case indicating an exo-transition state geometry %%,

There are also examples of the intramolecular ene-reaction involving cyclopropenes.
Thus, while (112, R! = Me, R? = H) undergoes an intramolecular [2+ 2}-cyclo-

156



Z[\R
Ar H
R
H
Ar
Ar
104

107
H fcone
COoH

N,

But
108

addition, theisomer (112, R! =
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H, R? = Me)isconverted to (113), and the homologue
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3.2 [2+ 2}-Cycloaddition

Although many cyclopropenes dimerise very readily by the ene-process described
above, an alternative mode of dimer formation, a [2+ 2]-cycloaddition, may occur
under thermal, metal catalysed or photochemical conditions; this is particularly
common when the ene-reaction is slow or when it is blocked by 3,3-disubstitution.
Thus 3,3-dicyclopropylcyclopropene is converted to (116, R = R = cyclopropyl) on
heating to 70-100. C or in the presence of boron trifluoride °!®, while the acetal
(116, R, R' = O(CH,),0) is obtained quantitatively by [2+ 2])-dimerisation of the
corresponding cyclopropenone acetal at 0 °C in methanol — although at higher
temperatures or with related acetals ring opened products are isolated ' ¥, Moreover,
3-methylcyclopropene is converted to (116, R = Me, R = H) in near quantitative
yield on brief contact with a zeolite at —30 °C 12, and vinylcyclopropene undergoes
the [2+ 2]-dimerization to give (117) even at —60 °C; the facility of the last reaction
is explained in terms of relief of ring strain, while the regioselectivity is as expected
for a diradical intermediate 2%

R R }R(:

In other cases the thermal reaction of the cyclopropene leads to ring opening, but
the [2+ 2]-cycloaddition can be brought about by photolysis ', or by the presence
of a metal salt, eg, 493 104,109,

Me Me Me Me Me Me
R=Me Me Me
hv + <
R v Me Me Me
118 ¢ Me Me
R=COpMe
CulDAc),
Me  co,Me
Me
/
Me0zC Me
Me

The outcome of these reactions seems to be somewhat difficult to predict, as the
presence of a copper salt during the reaction of 3,3-dialkylcyclopropenes leads to
trienes (see below) 9%, which are the products when (118, R = CO,Me) is allowed to
react in the absence of a catalyst 195!
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Cyclopropenes may also be made to undergo {2+ 2}-addition to other alkenes;
thus 3,3-dialkylcyclopropenes add to norbornadiene in the presence of PhyP - CuCl
at low temperature to produce bicyclo[2.1.0]pentanes; at higher temperature the
product is apparently derived by addition of a vinylcarbene R;,C = CH—CH: to the
diene 1°9. Photochemically induced intramolecular [2+ 2]-addition is also suc-

cessful 10722,

Me Me
hv/sens
H COgMe !
Ph Ph Ph H Ph | H
Ph  CO;Me
Q
Ph N 0(CH,JCH=CHR RN CHaln
hyv (0]
n=1-3 Ph-"" "I{
¢}
Me Me Me Me

In general, the addition is sensitive to steric factors and the approach geometry is such
that interactions are minimised, while the regiochemistry may again be explained in
terms of the formation of the more stable biradical intermediate. In other cases a
thermal intramolecular addition occurs, eg. 1°7":

H Ph
Me Ph
Phy " o H

A Me
Ph !
Me  Ph Me Ph” Me  *Ph

Ph  Ph Ph
\/ R Me
JAN
R

3.3 The Cyclopropene — Vinylcarbene Interface

The ring opening of cyclopropenes to species which behave like vinylcarbenes has
long been established in a range of systems; the reverse reaction of ring closure of
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vinylcarbenes provides one of the basic routes to cyclopropenes (see above). However,
it is difficult to be certain that the intermediates in these reactions are always vinyl-
carbenes, and if so that the exact nature of these species is always the same. Thus
vinylcarbenes have a number of possible electronic states such as non-planar singlets
and triplets (122), and planar singlets and triplets, eg. (123). Although calculations
show the planar triplet is the most stable state it is unlikely to be the first formed
intermediate in many reactions which formally lead to vinylcarbenes. In addition, the
use of product ratios in analysing details of these reactions is complicated by the
reversibility of the cyclopropene-carbene process 1°%). The emphasis in this review
will be the outcome of the reactions — in particular those which may have synthetic
applications — and not the detailed nature of the intermediates, which merits a review

in itself!
- : | ;i

122 123

The thermal rearrangements of a variety of alkylcyclopropenes (124) lead to ring
opening and the formation of alkynes, dienes and in some cases cyclopropanes, which
may be explained in terms of known carbene reactions resulting from (125) or (126) 1%
Thus the products of thermal rearrangement of (127) in an acid-free system are con-
sistent with opening to both vinylcarbenes (128) and (129). However the large negative
entropy of activation is inconsistent with a simple ring opening and may suggest
either bond cleavage concerted with rearrangement, or the formation of a more
structured intermediate which rearranges to the isomeric carbenes; formally the major
products apparently arise from the more stable carbene (128) !9, Gas phase kinetic
analysis of the thermal rearrangement of 1-methylcyclopropene, however, indicates
that all products arise via 1,2-shifts in a diradical-like intermediate, and that the
methyl-group deactivates the ring to rearrangement 9.

R1
PN
/ 125

129
127
128
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Clearly the use of these reactions in synthesis requires the formation of a single
carbene, (125) or (126) from the cyclopropene, and also demands that other thermal
reactions such as the ene-reaction or [2+ 2]-cycloaddition do not compete effectively.
Although the above alkylcyclopropenes lead to mixtures of products, this is not the
case with many other substituents. The regiochemistry of ring opening of aryl-sub-
stituted cyclopropenes has been particularly extensively examined both under thermal
and photochemical conditions. The details of the photochemical reactions will not be
examined here, but some cases which bear on the thermal processes will be discussed.
The major product of photolysis of (130) is (131), derived by an overall insertion of
the carbene (133) into an adjacent C—H bond of the aromatic ring '*2~*; in contrast,
pyrolysis of (130) leads exclusively to (132), apparently derived from (134). Kinetic
and product analysis of the thermal decomposition of vinyldiazomethanes (135),
leading to 3H-pyrazoles and cyclopropenes, has been used to show that carbene (134)
is more stable than (133) 1°®). However, product ratios are complicated by return to
the cyclopropene. Thus the optically active cyclopropene (136) racemises 2.5 times
as fast as it is converted to product, the furan (137); the latter is apparently derived
entirely from the singlet vinylcarbene (138), formed by cleavage of bond b, rather than
its regioisomer 1%,

Me Ph
Ph Ph
Ko e G - G
Ph Me Ph Ph
131 132

130

PhCH;y Ph PhCH; | Ph ‘
ph/vl“. Me:(\.' R2 /N2

Me Ph R

133 124 135
H ’,'COZME Ph H H Cone

b LU T L

Me~” 0~ “OMe PR ¥

Ph Me 137 Me

136
138

The diaryl substituted systems (139) have been shown to undergo regioselective
cleavage of the cyclopropene o-bond bearing the more electron donating substituent
under direct photolysis '*®.
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Aryl-substituted cyclopropene esters and aldehydes have also been examined in
detail. Photolysis of (140) in methanol leads to cleavage of the C' —C® bond to produce
(142); this undergoes a 1,2-hydrogen shift to produce the corresponding ketene which
is in turn trapped by methanol to produce (143) !17). The ester (141) is thermolysed to
produce indene (144), kinetic analysis indicating a non-polar transition state and a
vinylcarbene intermediate ''®; once again, photolysis of (146) leads instead to the
cyclopropene (141) together with the isomeric indene (145) 118 119),

Ph  Ph
A X S
PXCgHs Ph Ph TR Ph7  &—CHO
142
139 1%4.0-R=CHO
141: R=CO,Me
Ph COzMe
Ph Ph PhWPh
S . N
Ph CH2CO,Me O‘ 3 PR =
%3 B2 146

1%4: R1=Ph,R2=CO;Me
7%45.:R1=C0,Me,R2:Ph

The cyclopropene — vinylcarbene rearrangement seems to occur particularly readily
when there are geminal substituents at the 3-position. 3,3-Dimethylcyclopropene is
reported to undergo thermal reaction in the presence of alkenes to produce adducts of
(147, R = Me) 129, while the 3-methyl-3-phenyl compound ring opens at 180 °C to
the vinylcarbene (147, R = Ph) which is trapped in low yield by 2,3-dimethylbut-
2-ene. An additional product in the latter reaction is the indene (148), derived by a
formal insertion of the corresponding (Z)-carbene into a C—H bond of the benzene
ring 2. Ring opening of tetrachlorocyclopropene to (149) occurs on heating to
180 °C, and the carbene is readily trapped by alkenes '22); this reaction is described in
more detail elsewhere in this series 1%, In other cases the ring opening occurs at much
lower temperature. Photolysis of the pyrazole (150, R = Et) at —20 °C leads to an
unstable intermediate cyclopropene (151) which can be characterised by formation of
diasteroisomeric adducts (152) with diazopropane. However, if the cyclopropene is
allowed to stand at 5 °C in the presence of a diene such as furan, the product is not a
Diels-Alder adduct but instead is a cyclopropane derived by addition of (153, R = Et)
to one double bond 1?4,

On standing for 18 h at 20 °C in the absence of an alkene, cyclopropene (151, R
= Et) rearranges to the vinylsulphine (154), which can be trapped by cycloaddition to
diazopropane; photolysis of (150, R = 4—MeC4H,) in a similar way leads to a high
yield of (155), and an intermediate vinylcarbene (153, R = 4—MeCsH,) may be
trapped by ethyl vinyl ether. In each case the intermediate viny! carbene apparently
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rearranges to the sulphine, which in the latter case loses sulphur to give the isolated
product *?°). Photolysis of (156) does not lead to an isolable cyclopropene; the two
major products, (157) and (158), appear to be derived instead from the vinylcarbene
(159); indeed this can be intercepted surprisingly efficiently by addition to electron
poor alkenes 129,

SR i 7SR
N [ SR Y\%\%\
77\ Y\/ ZN ]
N SR
157 158 159
156

Moreover, trapping of the carbene (159, R = pTol) by an allyl thioether leads largely
to (160); removal of the protecting group provides a simple route to artemesia ketone
(161) in 659 yield from (156, R = pTol) 129:

E R
0
Elt SR 3 ? ) |
56 @ M. /[\5 C o —_—
R=pTol fSE‘ "4
160 161

Addition of (159, R = Et) to methyl B,B-dimethylacrylate followed by Raney nickel
desulphurisation also provides a convenient route to cis-chrysanthemic acids *2”.

163



Mark S. Baird

Although a 1-(alkylthio)cyclopropene could not be isolated in the above reactions,
the corresponding silylated derivative (162) does ring open either on heating or on
photolysis, leading to an allene; the reaction may involve a 1,2-silyl-shift in an inter-
mediate carbene (163), though in this case the latter could not be trapped by added
alkene 82,

?f SiMe3 : :SIME3
Me;Si SM *s—SMe SMe

e
162 163

While the photolysis of (164) can lead to reasonable yields of acylcyclopropenes, no
cyclopropenes are detected from the corresponding reactions of (165); however, if the
photolysis of (165, R = Me, R = H) is carried out in the presence of furan, a 2-oxa-
bicyclohexane is isolated. This is apparently derived by addition of the carbene (166)
to the 2,3-bond. The oxabicycle in turn rearranges to a single triene (167) 2%,

CHO
R COR 9
N
K?I%COW é/%m Y\)k A
166 7650 Me
164 165

Photolysis of (168) in the presence of furan leads to a mixture of products, the
major one being the Diels-Alder adduct of the latter with 1-nitro-3,3-dimethylcyclo-
propene. Two other products, (169) and (170) are apparently derived by trapping of
the carbene (171) by furan, the former apparently by a 1,3-dipolar addition. The
pyrazole (172) is converted to (173) on photolysis, the intermediate carbene again
apparently preferring to rearrange rather than cyclise to a cyclopropene 29,

0

NO; NO» Ph
N = —
77\ _— ~NO; =+ 4 Ph + /_-\=Z_-<
N Ph @ Ph o CHO \o
2
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N0 . I now

2 ph P x

N NO»
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Reaction of the tetrachloride (174, X = Cl) with methyl lithium at 0-20 °C in
the presence of alkenes leads to the adducts (176) derived by addition of the dichloro-
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vinylcarbene (177, X = Y = CI); this is derived by rearrangement of the dichloro-
cyclopropene (175, X = Cl), which can be trapped by addition of bromine at lower
temperature. The same products are obtained when (174, X = H) is treated with
methyl lithium. Presumably a lithium-hydrogen exchange occurs more rapidly than
lithium halogen exchange ; loss of lithium chloride then leads to the same cyclopropene,
(175, X = Cl). The bromochloride (175, X = Br), obtained in a similar manner from
the 1,1-dibromo-2,2-dichlorocyclopropane, also ring opens, but little regioselectivity
is observed in the formation of (177, X = CI, Y = Br) and (177, X = Br, Y =
Cl) 838 The corresponding monohalocyclopropenes, eg. (175, X = CI, Y = H)
also rearrange at ambient temperature, in this case to produce haloalkynes *®:

Me Me Me Me Ct
fz CLN—
X=Ct
Cl=7 o el =
X Cl 176
174

X=H

l}z—z—H

X
v cl c
7N \?\/ /
N H
177 Y
178

The reaction could be explained in terms of ring opening to a carbene (177, X
= Cl, Y = H) followed by a 1,2-chlorine shift as in (178); although the carbene could
not be trapped by added alkenes, a labelling study indicated that C* became C? of the
alkyne, confirming that the C2:—C? bond of (175, X = H) is broken *.

Reaction of (180, X = CI) with methyl lithium in the presence of alkenes at ambient
temperature leads to apparent carbene adducts (183), in this case derived from ring
opening of (181) to the highly functionalised isoprenoid carbene (182). Surprisingly,
the bromide (180, X = Br) reacts by a different course, leading to (184), apparently
through initial lithium-bromine exchange followed by 1,3- rather than 1,2-elimination
of LiC] 139,

The 3,3-disubstituted ester (185, R = H) also rearranges at or below ambient
temperature. The major product is the triene (186), which at first sight appears to be a
dimer of the carbene (187) derived by cleavage of the 2,3-bond. However, examination
of the mother liquor reveals a second dimer, (188), which could be obtained by addition
of (187) to the cyclopropene 1°%); a similar dimer, and indeed related trienes, have been
isolated in the photochemical reactions of (185, R = Ph), although in this case the
C!'—C® bond is broken *V, On standing at 0-20 °C, (188) is converted to (186). It is
not certain that all (186) is derived in this way, or whether the endo-carbene adduct
isomeric with (188) is produced and rearranges rapidly; either intermediate would
avoid the need for the unlikely carbene-carbene dimerisation.
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The thermolysis of cyclopropenone acetals at 70-80 °C, generally in benzene solution
leads to a ring opening which is formally described by the scheme below:

OR OR
RO~ — OR ____ _ RO
- P<pr = \

189
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In the presence of an alkene having two electron withdrawing substituents at the
l-position, a [3+ 2]cycloaddition is observed leading to cyclopentenone acetals
(190) 132

! b4 L ¥
w — OR _ T | OR __.
CO4R
OR OR 2
190 197

However, when the alkene has only one electron withdrawing substituent, a com-
plete change in reactivity is observed and the cyclopropyl ketene acetal derivatives
(191) are produced. These are converted directly to esters either by chromatography
over silica gel or by treatment with acid, and in each case the predominant isomer of
the ester has the cis-stereochemistry of ester and electron-withdrawing groups. It is
suggested that a cyclopropane may also be the primary product in the formation of
(190), but that the ring closure is reversible under the reaction conditions when two
electron withdrawing groups are present, and the cyclopentene is formed under
thermodynamic control **¥. The dipolar form (189) may also be trapped by reaction
with aldehydes or ketones to produce butenolide orthoesters, which may further be
transformed to butenolides or furans with acetic acid or to y-ketoesters (R = H) with
hydrochloric acid 13%:
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0 O(CH2)30H
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The ring opening of cyclopropenes may also be induced by metal salts or complxes.
3,3-Dimethylcyclopropene is converted to adducts (192) by treatment with Ni(COD),
in the presence of electron poor alkenes; with diethylmaleate the reaction proceeds
with predominant retention of stereochemistry # 133, Other 3,3-disubstituted com-
pounds are converted to adducts in good yield by reaction with (EtO),P - CuCl in the
presence of alkenes at —40 to 20 °C. In the absence of a trap, a triene (193) is isolat-

ed 199
167



Mark S. Baird

R R R R
A __caay R Y
. —
H X X
192
R
RY\/\)\R
R
193

This is explained in terms -of dimerisation of the carbene, or a related carbenoid.
However, formation and rearrangement of a bicyclo(1.1.0)butane related to (188)
must also be considered.

Ring opening of 1,3- and 1,2-disubstituted cyclopropenes has also been examined.
The ester (194) rearranges on heating to 98 °C in the presence of copper to give furan
(195); the less substituted cyclopropene single bond appears to be cleaved to produce
a carbene-metal derivative, which cyclises to the ester group !*®. A similar photo-
chemical transformation of a cyclopropene-3-ester to a furan has already been
described 113},

COzR!

R

Cu

98°C z;\)\om

R
194 195
R R
*""-
XCH=CHRCH,CO2R! W\cone Ag _
196 CH,R R C0,Me

197
198

Reaction of (194, R = Pr) with cuprous chloride induces a similar ring opening and
the carbenoid can be trapped by alkenes 3. If the reaction is carried out with an
organic or inorganic acid HX present in place of the alkene, reasonably high yields
of the (E)- and (Z)-alkenes (196) are isolated ; no rearrangement occurs in the absence
of the copper chloride !*®. Silver ion induced ring opening can also occur, 1,2-dialkyl-
3-carbomethoxycyclopropenes being converted to dienes (197) in reasonable yield,
apparently through the silver-carbenoid (198) *3°?. In other cases intramolecular

trapping may occur ¥%:
Me Me
Ph
Ph Ph

Ph
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These reactions are discussed again in Section 5i.

Rearrangement of cyclopropenes to vinylcarbenes can also occur at low tempera-
ture when they are fused to small or medium rings. Treatment of (199, X = Z = H,
Y = Cl) with base in THF leads to the ether (200) which can be explained in terms of
trapping of an intermediate carbene, (201), derived either by rearrangement of a
cyclopropene or by a direct fragmentation. Evidence for the former route was obtained
by addition of methane thiol to the reaction, when (199, X = Z = SMe, Y = H)
was isolated; the regiochemistry of the addition of the second thiolate to the (presum-
ed) intermediate cyclopropene (202) presumably occurs because the alternative benzylic
carbanion cannot easily become planar 4% 141, Evidence for the mitial cyclopropene
formation is obtained from the reaction of (199, X = H, Z = Me, Y = Cl) with base
in the presence of thiolate anion, which leads to a single diastereoisomer of (203) in
high yield. A most interesting observation was that the monochloride (204) failed to
react with potassium t-butoxide even after extended times, presumably because the
elimination in these systems requires a syn-planar arrangement of leaving groups 49;
however, a later report has shown that (204) does react with base in THF-DMSO,
although only low yields of product were isolated **%.

These reactions are discussed again in Section 51.

O Ct

202 204

Treatment of (205) with a large excess of potassium t-butoxide in THF leads to
ethers and related compounds; their formation may be rationalised in terms of the
formation of a cyclopropene (206) which can undergo a complex set of rearrangements
to naphthylcarbenes which are then trapped by alkoxide ion '*!:14¥).

Ct
Me cl Me Me
e Q00
THF
CH,0But

205 Me

Cr

206
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Although these reactions are of considerable mechanistic interest, the formation of
mixtures limits any synthetic application. However the cyclopropene (207) ring opens
to (208) which is trapped reasonably efficiently by furan 3®:

Cl

Cla_-Cl
2 _Cl
Meli - Q/
cl

207 208

4 Base Induced Double Bond Migration

Reaction of cyclopropenes with bases such as alkoxide or amide ions often leads to a
methylenecyclopropene by removal of an allylic hydrogen and reprotonation ©~9-71)
though other reactions such as nucleophilic addition (see Section 5) or metallation at
a vinylic position (see Section 2) may compete. Thus the ester (209) is isomerised by
KOH to (210), and under more vigorous conditions to (211) 1*4:

COzEt ?OzEt QOzEt
A Base
Et Et Bt N Me Et” P
209 210 211
1|
1
/2
R
212

The presumed intermediate allylic ions of type (212, R = H) may also be generated
from methylenecyclopropane by reaction with eg., butyl lithium; trapping by carbonyl
compounds occurs by bond formation from C? 4%, although when R = SiMe,
trapping by benzaldehyde occurs only at C!’, and probably involves an electron
transfer process 149,

Many examples of double bond migration appear in the reactions of dihalocyclo-
propanes with alkoxide ion, in which the halocyclopropene is a presumed inter-
mediate, Thus dehydrohalogenation of 2,3-dialkyl-1,1-dichlorocyclopropanes provi-
des a very simple route to methylenecyclopropanes, which often rearrange on heating,

eg. 147):
Me
ct Et —
Cl
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Base 190°C g
CI7A——\ A\\ N
Ct

The reaction of the dichlorides (213, n = 3-7) with potassium t-butoxide in DMSO
leads to the elimination of two molecules of HCI and the formation of (214, n = 3-7)
respectively. In each case the reaction can be explained by a sequence of elimination
to a chlorocyclopropene, prototropic shifts, then a second elimination to a cyclo-
propene followed by prototropic shifts. Thermolysis of (214, n = 3 or 4) leads to
(215, n = 3 or 4), although the mechanism of this reaction is rather uncertain;
in contrast the larger ring species (214, n = 6 or 7) rearrange to a methylenecyclo-
pentene, (216) 148149 In the case of (213, n = 2), the analogous elimination product
(214, n = 2) is not observed, presumably rearranging under the reaction conditions
to the observed product (217) 149,

< >
(CHaln cl (CHZ)n~#
214

213

(CHR

215 216 217

Moreover, when the ring size is reduced further, very complex product mixtures
are obtained. Thus (213, n = 1) reacts with potassium t-butoxide in DMSO to
produce toluene, cycloheptatriene, ethylbenzene, 2-ethyltoluene, and isomeric 3-
ethylidenecyclohexenes '3, In the same way 7,7-dibromobicyclo[4.1.0Jheptane is
converted largely to ethylbenzene and 2-ethyltoluene ; when deuterated DMSO is used,
the methyl-group of the ethylbenzene is almost completely deuterated, and methylene
and aromatic positions are also heavily labelled. It is thought that the highly strained
intermediate (218) reacts with the solvent as below, further reactions then leading to
the eventual products:

B
Me
(%'C‘ D ®<c1
218 MR
Me

O e O ——
219

220
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Although no products analogous to (214) were isolated from these reactions, treat-
ment of (219) with KOBu'-DMSO did lead to (220), albeit in very low yield **?.
It is important to note, however, that the reactions of chlorobicyclo[4.1.0]heptanes
with base are highly dependent on both the nature of the base and the solvent *%.
Thus (213, n = 1) reacts with KOBu' in benzene in the presence of a crown ether to
produce (221) in moderate yield, while the addition of a small amount of DMSO leads
to the products described above. Moreover, reaction with Pr’OK leads to products
such as (222), apparently derived by a reduction at some stage '3V,

(j/(:HOBUt ()/CHZOF’ri

221 222

The use of these reactions in the preparation of highly strained moleculesis iltustrated
by the reaction of (223) with potassium t-butoxide at low temperature:

X XYz 8r
O e O O
Br

223 224 225

The intermediate bicyclof5.1.0]octatriene (225) may be trapped as a Diels-Alder
adduct, while at elevated reaction temperature, the heptafulvene (224) may likewise
be trapped. The chloride (223, X = Cl, Y = H) may similarly be converted to the
parent heptafulvene by reaction with the same base in tetraglyme at 90 °C and low
pressure '),

Double dehydrohalogenation of 7,7-dichlorobicyclo[4.1.0Jheptenes represented
one of the first routes to benzocyclopropenes 2" °¥. In a classical experiment, the
labelled species (226) was shown to lead to (227), in agreement with the occurrence of
a sequence involving 1,2-elimination, followed by prototropic shifts **¥:

Cl ~ _—
-— - —— Cl
®<Cl [}-u " D - E}
226 227

A number of competing pathways have also been identified '**!*®. Indeed the
dehydrohalogenation of (228, X = Br, Cl) is reported to lead to (229). A mechanism is
proposed which does not in this case involve a cyclopropene, but instead is initiated
by an elimination with rearrangement 3”:

»—B

H X
B —— IR o
© X X X

Similar routes have been described to naphtho(b)cyclopropene 1°%), and to annelated
derivatives 159,
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5 Addition

The double bond of cyclopropenes is sufficiently reactive that in many cases attack
of either electrophiles or nucleophiles can occur. 1,2-Addition to cyclopropenes can
create up to three new chiral centres:

R R
XY X iz
Y
R R
ii Xy X ii Y
Z
Z

In principle the addition could be controlled by a chiral centre at C* or by chiral
auxiliaries in the C* or C? substituents or the addend. This would provide a versatile
route to optically active cyclopropanes, but to date no emphasis has been laid on this
possibility. Instead, a wide range of additions leading to racemic cyclopropanes has
been examined.

5.1 Electrophilic Addition

The addition of an electrophile to the cyclopropene double bond formally leads to a
cyclopropyl cation ; this may be expected to undergo ring opening to an allyl ion unless
it is rapidly trapped by a nucleophile. In some cases, however, electrophilic attack
may occur at one of the o-bonds, leading directly to an allylic cation.

Addition of halogens often occurs without ring opening. Early reports described
a cis-addition V’; though the stereochemistry of addition of chlorine to (229) is cis- ¢,
addition of bromine is cis- in non-polar solvents in the presence of sunlight but
trans-in relatively polar ones ®, and addition of bromine to 1,2-dichloro-3,3-
dimethylcyclopropene leads to a mixture of (E)- and (Z)-dibromodichlorides 3%,
1,3,3-Trimethylcyclopropene is, however, reported to ring open to 1,3-dibromo-
2,3-dimethylbutene on bromination, though 1,2-addition of chlorine occurs with
PhICL, %%, In general little use has been made of these reactions, although the ring-
opening of alcohol (230) on treatment with bromine and intramolecular trapping
provides a route to optically active dihydropyrans 3%

COzMe

PhAPh
229
<J OH
Bra o Br —. ) ———— ~
+, > )
OH
OH

Br Br
230
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1-Methylcyclopropene undergoes ring opening to methallyl chloride and methallyl
acetate on reaction with HCl in acetic acid; with phenylsulphenylchloride addition
occurs without ring opening, though with low selectivity, producing (231) and its
regioisomer *%*), The trans-addition of arylsulphenylchlorides to 3,3-dimethylcyclo-
propene shows a large negative entropy of activation, and is believed to involve a tight
ion pair, (232) *¥. In the case of the 1-chloro-2,3,3-trimethyl analogue the product
is (233), apparently derived by deprotonation of the intermediate episulphonium ion;
the cyclopropane rearranges on standing over neutral alumina, leading to diene
(234) 159,

The addition of thiocyanogen to 1-methylcyclopropene is complicated, though the
cis-adducts (235, X = SCN) and (235, X = NCS) can be isolated !%¥. Addition of
nitrosyl chloride is also reported, leading to (236) from (229) 169,

Me o

PhSA Me>¢g_© M9>A\

Me Cl 232 X SCN
231 235

Me Me SPh

MeO,C  Ph
L o D o ¢ ~
oM
A cl P o €
el 234 236 Hg X
233 237

Oxymercuration of cyclopropenes can also occur without ring opening, the major
product from (229) having (E)-stereochemistry 167, However, in other cases ring-
opening does occur, eg., 3-methyl-3-isopropenylcyclopropene is converted to (237)
with mercuric acetate in methanol, presumably by solvolysis of an intermediate ring
opened allyl cation !%®), One again, intramolecular trapping of intermediate allyl
cations can lead to cyclisation, eg., to furans 139

AcO
Hg(OAC) N 7
o] o]
OH AcOHg

the intermediate organomercury compound apparently undergoing solvolysis. Reac-
tion of 1-methylcyclopropene with diborane in pentane leads predominantly to the
2-methyl-substituted borane, although a small amount of the 1-methyl system is also
formed %%, Reaction of either 1- or 3-methylcyclopropene with tetraethyldiborane,
however, proceeds cleanly to (238), which can be converted to essentialy pure trans-
2-methylcycloprepanol by oxidation with trimethylamine-N-oxide °-16%), Triallyl-
boranes such as (239) also lead to cis-addition with allylic rearrangement, in good
yield 179,
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A,

BoH

Et; BH;
- - “~BEt, s “-OH

238

(MeCH=CHCH,)3B

239

:>7A"'B(C1.H7)2

3,3-Dimethylcyclopropene undergoes [2+ 2]-cyclodimerisation catalysed by rea-
gents such as boron trifluoride or triethylaluminium etherates, but treatment with
triethylaluminium in pentane leads to (241), presumably by formation of an inter-
mediate such as (240) followed by trapping with a second equivalent of cyclopro-
pene 17Y. Reaction of 1,3,3-trimethylclopropene with tri-isobutylaluminium in hexane

also leads to ring opening:

X o ¢ g
E‘ Et, Al
240

1 R3Al
/A T MeOH ‘§=\ * 4\§-—\
R

R

AlR,
A ~§‘<
* AlR; R

242 243

The process is believed to occur by addition to form the more stable cation, (242),
which undergoes a cyclopropyl-allyl rearrangement followed by a 1,2-shift of an
R-group to produce an allyl-substituted dialkyl aluminium, (243), as in the above
case. This is trapped by added water, or undergoes an allylic rearrangement before
being trapped 172,

Silver-ion induced isomerisation of cyclopropenes gives products which contrast
sharply with those derived by photolysis. Thus reaction of (244) with catalytic quanti-
ties of silver perchlorate in benzene leads to a quantitative yield of (245), whereas the
photochemical process leads to the 1-methyl-2-pheny! regioisomer. The alcohol (246)
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is converted to (247) in good yield by reaction with Ag* while (248) leads to the
bicyclo[3.1.0}hexene — although other 3-allylcyclopropenes give more complex
product mixtures including bicyclohexenes.

Ph Fh

AL —— e

244

Me
Ph~_ =~
Ph- ™0
246 247

o
>

o
_; j
> I

Me H
QA Ph
- . ~Ph
Me
Ph Ph Me

The final bicyclic product is obtained with complete retention of the stereochemistry
about the double bond of the allyl group, and a mechanism is proposed in which the
silver ion attacks one of the ring o-bonds to produce the more stable
cation 173:174):

Ph Me Aoy /Me
7 SV S
R
R R
5.2 Hydrogenation

The hydrogenation of cyclopropenecarboxylic acids leads to good yields of the
saturated acid. Two elegant routes to cis-chrysanthemic acids have been reported
based on this process. In the first, the ester (249) is reduced by either diimide or nickel
boride and hydrogen 4?:

— COz2Me
MeOZCT\>_ MescN — - COzMeh_v-Y\% 2 _ COpMe

2N
N 249
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In the second, the use of diazopropane is avoided; the alcohol (250) is converted
to the pyrazole (251) by a two step sequence of reaction with hydrazine in acetic
acid and then oxidation with manganese dioxide. Photolysis then leads cleanly
to the cyclopropene, without any interference by cyclisation of an intermediate
carbene to the alcohol group; the product is hydrogenated directly, the conversion of
(251) to (252) occurring in 94%; yield. Elimination of the elements of water leads to
cis-chrysanthemic acid in good overali yield *7*:

0
= /'/\j OH hy
= OH N COzMe OH OH
COz Me CO, Me COsMe

\
250 251 252

The reaction can also be used to produce cis-2-substituted halocyclopropanes,
1-chloro-2-phenylcyclopropenes undergoing efficient hydrogenation using patladium
on calcium carbonate by cis-addition of hydrogen with no evidence for competing
hydrogenolysis of the C—Cl bond 27

5.3 Hydride Reducing Agents

Lithium aluminium hydride reduction of 1,2-disubstituted cyclopropene-3-carboxy-
lates occurs initially at the ester group, but with additional reagent good yields of
cis-1,2-disubstituted-¢rans-3-methanols are obtained 7. The reduction of the double
bond is regioselective, leading to the more stable carbanion, and the attack of the
hydride ion exclusively cis to the 3-substituent may be explained in terms of initial
formation of an alkoxyaluminium complex followed by intramolecular hydride
transfer !7®. In the case of cyclopropene-1-carboxylates, direct reduction to the
saturated alcohol occurs; thus (253) is converted to the trans-alcohol 177:

MeO,C D HOCH, D

I LiAlH,
O 0,0
Ph Me D H
Ph Me
Ph Ph
I LiAlHg
O 0,0
Ph CO,Me
253

5.4 Nucleophilic Attack

Alkoxides and thiolates
Although the addition of alkoxides and thiolates and indeed of methanol itself to
simple cyclopropenes has been reported, eg. 1'%
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NC Me NC Me
SR
R R R R!
A R R'=fluorenyl A/COZMe
MeOH
COyMe
MeO

the most common examples of addition to cyclopropenes are reactions in which
dihalocyclopropanes are treated with strong base in the presence of a good nucleophile.
Thus reaction of (254) with potassium isopropoxide in DMSO leads predominantly
to the diether (255). Apparently an initially formed 7-chlorobicyclo[4.1.0}hept-6-ene
is trapped by attack of alkoxide at C?, before a prototropic shift (see Section 4) can
occur. The derived anion is protonated and then undergoes a second dehydrohalogena-
tion — addition sequence. The regiochemistry of the second addition is presumably
controlled by the stability of the intermediate anion *’®. When the reaction is carried
out with potassium isopropoxide in [D,]-DMSO the product diether is doubly deuterat-
ed at C7 189,
OPri

©><C[ KOPr i H
Cl H

254 OPri
255

In other cases the product is an unsaturated ether !79:

Ct Ct OPri

KOPr i OPri

—_—— +

= =

but the exact sequence of steps is not clear. Good evidence for the formation of
cyclopropenes in these reactions is seen in the conversion of (256) to (258), the obser-
vation of the intermediate (257) by n.m.r. and its trapping with cyclopentadiene at
low temperature ¥, The presumed chlorocyclopropene intermediate from the
reaction of 1,1-dichloro-2-methylenecyclopropane with potassium t-butoxide in
THF (evidence for which is obtained by trapping with thiolate ion) is converted into
the enyne (259) in moderate yield. In this case attack of butoxide at C-2 of the 1-chloro-
alkene followed by loss of chloride ion may produce (260) which is then rearranged
to the acetylene 82,

The regiochemistry of addition of nucleophiles to cyclopropenes contained in a
bicyclic ester skeleton has been examined in some detail. Generation of (261, R
= Me, n = 1) in the presence of t-butoxide leads to (262, R = Me) by attack of the
nucleophile at the ring junction, whereas in the cases of (261, R = Me, n = 2 or 3)
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But But
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259 260

attack occurs at the benzylic position leading to (263, R = Me). Calculations suggest
that the regiochemistry is steric in origin. The larger ring cyclopropene (261, R = Me,
n = 3) can in fact isolated !¥%). Reaction of (261, R = H, n = 2), generated in the
same way, with t-butoxide leads to attack at both ends of the alkene, whereas (261,
R = H, n = 3) only produces the 8-ether (263, R = H, n = 3) 184,

(CH,) R [CHaln
|i;<\02 " Fogy thﬁ\0

R

[o] 0]
Ph
“ 261
n= \2,3
Ph

1
0

(CH2)n
Ph\ﬁ 5
R Buto” R
Bt © H O
262 263

Addition of alkoxides to (264, R = SiMe,) apparently occurs by attack on silicon to
produce (264, R = H) followed by addition to the alkene. However, attack by thiolates
occurs initially on the double bond to produce (E)- and (Z)-isomers of (265); sub-
sequent attack on silicon leads to anions which invert rapidly owing to the presence
of the adjacent sulphone and lead to the same (E)-cyclopropane derivative '8%.

A R1S‘7A\
R SO, AT

i S0,A
264 MejSi 2 Ar
265

An interesting example of nucleophilic addition occurs in the reaction of (266) with
methano! in the presence of triethylamine, which leads to (267) (or possibly the
corresponding isomer with the methoxy group endo) 129':

179



Mark S. Baird
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Nitrogen and Phosphorus Nucleophiles

Early reports of the reactions of cyclopropenes with amide ions indicated complex
products derived by addition of an intermediate 2-aminocyclopropylanion to unreact-
ed cyclopropene . However, amines themselves can add to cyclopropenes:

RQ OR RQ OR

RoNH + RLNCH,CH ,CO,R

1
RIN

With diethylamine, the cyclopropane is the major product but with dipropyl or
diphenylamines increasing amounts of ring-opened product areisolated 7. Reaction
of 3-acetyl-1-methylcyclopropene with butylamine is also reported, leading to a
mixture of 2.4~ and 2,5-dimethyl-N-butylpyrroles, though the mechanism of this
process has not been examined in detail ¥"®.

Treatment of tetrachlorocyclopropene with pyridine leads to the two indolizines
(268) and (269) in essentially quantitative overall yield:

@ Cl Py*
0 SvTo TR G
x — SN _

ct cl
Cl Cl 270
268 269

The reaction apparently proceeds though displacement of two of the halogens by
pyridine, followed by nucleophilic attack at the double bond and opening of the
resulting cyclopropylanion to (270); evidence for the intermediacy of such ions was
obtained when the 2- and 6-positions of the pyridine were blocked. With pyridines
bearing electron withdrawing groups the reaction stops after diplacement of one of
the 3-chlorines 188, while with electron releasing substituents the (tetrapyridinium)-
cyclopropene tetra-cation is formed !9,

Although the reaction of cyclopropenes with phosphines can lead to ring open-
ing 178" treatment of 1,2-dichloro-3,3-difluorocyclopropene with trialkylphosphites
leads to moderate yields of the cyclopropanes (271) 9.
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Carbon Nucleophiles

Addition of organolithium reagents to cyclopropenes can occur, though it is much
slower than reaction of an organolithium with an acid or ketone group at the 3-
position **V), and is generally not observed in those systems where lithium-hydrogen
or lithium-halogen exchange at the vinylic positions or removal of an allylic hydrogen
can compete; for example, the reaction of (272) with n-butyl lithium leads only to low
yields of the corresponding 1-ethylidene-2-ethylcyclopropane 2. Addition of phenyl
lithium to cyclopropene itself does, however, lead to 2-phenylcyclopropyl lithium
with over 99 %, (Z)-stereochemistry !*¥, while treatment of (273) with methyl lithium
in THF at -65 °C leads to the l-chlorocyclopropene, apparently by addition of
methyl lithium to the alkene followed by elimination of lithium chloride '*%.

CH,OH
R PO(OR);
Et Et
(RO}, 0P PO(OR),
271 272
Cl Cl Ct
Mel i

Ar Ar Me Ar

273 Ar

Addition of Grignard reagents to cyclopropenes occurs much more readily. Reaction
of methyl magnesium iodide with 1-methyl- or 1,3,3-trimethyl-cyclopropenes leads
to the Grignard of the more stable anion (274), which may be trapped by a variety of
electrophiles in an overall cis-addition ; in some cases the organomagnesium is trapped
by unreacted cyclopropene to produce a dicyclopropyl magnesium halide '°. Reac-
tion with allylic Grignard reagents leads to a clean cis-addition. The reaction with
vinylic, y,5- or §,g-unsaturated Grignards is less satisfactory, and higher molecular
weight side products derived by addition of the cyclopropyl Grignard to the cyclo-
propene can be obtained *®. Thus 1-isobutenylmagnesium bromide adds to cyclo-
propenes, to produce (275), together with considerable amounts of 1:2 and 1:3
adducts. Quenching of (275) with carbon dioxide or ethyl chloroformate provides an
efficient route to cis-cyclopropanecarboxylic acids or esters 1°”. Addition of allylic
Grignards to 1,2-diethyl-3-(hydroxymethyl)cyclopropene also occurs in a cis-manner,

Me Me Me Me
?é RMgX Me EE
Me \
R MgXx
274
CH,Ph
Me Me
MeSCHoCPh
C=CHa,

; . /
>'—“ MgX Ph

275 276
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from the same face as the 3-substituent and bond formation occurs at the more sub-
stituted allylic carbon and at the more substituted cyclopropene carbon !9%.

Reaction of dialkylmagnesiums with spiro[2,4]hept-1-ene proceeds with second
order kinetics and leads to the cis-2-alkyl cyclopropyl magnesium alkyl with a-sub-
stituent effects on the rate in the order primary < secondary > tertiary, suggesting a
balance between competing electronic and steric effects 19,

In a related reaction, addition of organocuprates, alkyl zinc bromide or di-isobutyl
aluminium hydride to 1-trimethylsilylcyclopropenes occurs regio- and stereo-selecti-
vely, eg. '2:

I nPrCuMgBr .
AN : e YA
= SiM23 s K

H Prn

Addition of dimethylsulphonium methylide to triphenylcyclopropene leads to ring
opening to (276) 2°®. This may be derived by nucleophilic attack followed by ring
opening of the triphenylcyclopropylanion to an allyl anion, and intramolecular proton
transfer. Addition of t-butylisocyanide to cyclopropenes can also lead to apparent
cyclopropyl-allyl anion ring opening, in this case to a vinylketenimine 2°V.

Reaction of 7,7-dichlorobicycloheptane with base in the presence of malonate,
a-cyanoacetate or ~CMe(CN)Ph ions leads initially to, eg., (277). Yields are not always
high because of further reactions, but in some cases reach over 80 %, 15120,

Ct

(< —me o (o o,
cl CHICOEL);

277

The reactions of «,B-unsaturated esters having an «-hydrogen with haloform and base
can lead to spiropentanes or methylenecyclopropanes 203 204

C()zhAG
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CHCY
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and these transformations may also be explained in terms of nucleophiic addition to
an intermediate cyclopropene, followed by further additions or, when X = Br, an
allylic rearrangement:

X X X X CX3 CX;
Base “CX3 X=Br
1 ] 1 - 1
R~ COMe  R'~7 ~COMe R/ coMe R/ ~~COzMe
R? R? R2? R2

Halide Ions
The reaction of tetrahalocyclopropenes with iodide ion leads to replacement of the
vinylic halogens by iodine, presumably by an addition — elimination process °.

5.5 Photoaddition

The triplet states of cyclopropenes containing a heteroatom at the 2-position of a
3-substituent undergo hydrogen atom abstraction to produce diradicals, which close to
produce bicyclo[3.1.0]hexanes, eg. 2°9:

Ph Ph Ph Ph Ph
° !
- Y _ . Pn Q \
s A "

Me
H H H H

6 Cheletropic Addition

Although some carbenes are reported not to add to cyclopropenes 2°7, there are
several examples of inter- and intra-molecular addition leading initially to the for-
mation of bicyclobutanes. 1,2-Diphenylcyclopropene-3-carboxylates are converted
to a mixture of three stereoisomeric bicyclo[1.1.0]butanes by reaction with ethoxy-
carbonylcarbene generated from the thermolysis of ethyl diazoacetate; an additional
product is the diene (278) which is apparently formed by rearrangement of an inter-
mediate zwitter ion 2°®, It should be noted, however, that cyclopropenes readily
undergo addition to diazo-compounds, and that subsequent transformations may then
lead to bicyclobutanes (see Section 8), and that a free carbene may therefore not be
involved in the above process.

Reaction of 1,2,3-trimethylcyclopropene with trichloromethyl lithium generated
from bromotrichloromethane and methyl lithium at —110 °C produces the cyclo-
butene (279). This may be explained in terms of intermediate formation of the bicyclo-
butane (280), followed by cyclopropyl-allyl rearrangement, though the dichloro-
cyclopropane could not be detected even at —73 °C 2%,
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It is noteworthy that the reaction of phenylallene with dichlorocarbene under basic
conditions has been reported to lead to the pentachloride (281) 21°®, However, the
structure of the product has now been reassigned as (282), the formation of which
appears to involve a similar addition-rearrangement sequence to that described for
the formation of (279), the intermediate cyclobutenylcation being trapped by

chloride 219D,
Ph cl
Ph clt cLct cl
H H ct
>=:< . . e .
Ph H C[j ol . Ph
d cl ct
¢t 282
¢l ¢l
p Cx
o %< >—_-%<
Cl 283
cict -2
284
281

Addition of dimethylvinylidene or a related carbenoid, generated from the reaction
of propanone with a diazophosphonate and base, to alkylcyclopropenes leads largely
to trienes, eg. (283) from 3,3-dimethylcyclopropene. Apparently the same products
are obtained when the carbenoid is generated from 1,1-dibromo-2-methylpropene and
base, but it is not clear whether the reactions involve formation and rearrangement of
a bicyclobutane or rather collapse of a polar intermediate such as (284) 2!,

R R
R
RuSZ(CHZ)n—\( CHN, (CHzh_ -
o &
285 R
266

Thermolysis of (285, n = 2, R = R! = Ph) in the presence of copper powder leads to
moderately efficient intramolecular addition of the carbene (carbenoid) to the double
bond to produce (286, n = 2) 2!2). Photolytic or catalytic decomposition of the lower
homologues (285, n = 0,1, eg., R = Ph, R! = H; R = CICH,, R! = H) also leads to
intramolecular addition to produce (286, n = 0,1) #'). This has been applied in a
route to 3,4-fused furans 213
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AcOCHp —==——CH,0Ac —-’ha‘om‘ -
CO,But COCHN,

0 . /
PhaP, CCly
7\ CH3cN HO OH

0

Photolysis of an alkyl azidoacetate in the presence of 1-methyl- or 1,3,3-trimethyl-
cyclopropenes may be explained in terms of an addition of ethoxycarbonylnitrene to
the double bond to produce a 2-azabicyclo[1.1.0]butane, but this rearranges under
the reaction conditions to the azadiene, although only in low yield #14:2!%);

§ — A

///////' | Nco,r
CO,R

287

No addition occurs without irradiation, and attempts to obtain the azabicycle by
addition of iodine isocyanate to the former cyclopropene led only to ring opened
product, (287) 2%,

7 Diels-Alder Addition

In general, cyclopropanes are good dienophiles, although their inherent thermal
instability can lead to side reactions, and the presence of substituents at C-3 causes
some steric retardation. Cyclopropene itself cycloadds to a range of dienes including
forming an endo-adduct with cyclopentadiene; in contrast a [:1 mixture of exo-
and endo-adducts is formed with furan. The change in stereochemistry is probably
explained by the reduction in steric repulsion on replacing the methylene group by an
oxygen >'9. Addition to S-iodocyclopentadiene leads to a rearranged product >'7):

o b
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Cyclopropene also adds to less reactive, acyclic, dienes 2'®, though it is worth noting
that the reaction with cyclohexadiene only proceeds in 10% yield *'?). Addition of a
range of alkylcyclopropenes to thiophene dioxides leads to cycloheptatrienes, pre-
sumably by cheletropic elimination of sulphur dioxide from the intermediate
adduct #29:

3 v

A
o O

Reaction with cyclopentadienones or their acetals also occurs readily; hydrolysis
of the acetals and decarbonylation also leads to cycloheptatrienes, while hydrogena-
tion prior to the elimination produces cyclohepta-1,4-dienes 22-222);

Cl

Cl
OMe

OMe

Ci

Cl

1 Na/ButOH/THF I Na/BulOH/THF
O H30%, <70°C I Pd/C,Hy
o H30*
I/ Heat

R2 R!
R R
R R
R1 R2

In the same way, addition to 1,2,4-triazines and 1,2,4,5-tetrazenes leads, after loss of
nitrogen, to the corresponding aza- or diazacycloheptatrienes, which are in some cases
in equilibrium with their bicyclic forms 223);

e 2 " — "R
\NJ\C02Me NZ>co;Me NN co,Me

Me
R Me Me
>U< R M M M Me

NéI\N Me ¢ ¢ ¢

[~ __288 - . — >
NN N g

T 2 '

R R N R

R N

The addition of a second equivalent of cyclopropene can then also occur 224, In the
case of 3,3'-bicyclopropenyls (288), this provides a ready route to semibullvalenes,
the epimeric intermediate cyclopropenes equilibrating and allowing intramolecular
cycloaddition to occur 22%). Addition also occurs to oxadiazin-6-ones-2?®), to 5-phenyl-
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azotropones (289) 227, and to the tropylium ion in aqueous dioxan, though yields in
the latter case are low 223):;

Ar Ar

Nék{/o A PN

|
N0 _
)

0]
N oo —
Ph 289

Q
0

Cyclopropenes bearing electron withdrawing groups are, as may be expected,
particularly good dienophiles. The cyclopropenes (290, R! = H or CO,Me, R?
= CO,Me; R! = H, R* = POPh,) undergo endo-addition to cyclopentadiene and
exo-addition to furan in the same way as non-electrophilic cyclopropenes 222 ~231-53),
Addition of (290, R! = H, R? = CO,Me) to isoprene occurs with low regioselectivity,
leading to a 2:1 mixture of (291) and its isomer 22°- 239,

R'IARZ ~ ::ECOZMQ

290 291

Tetrahalocyclopropenes also undergo the cycloaddition 232, and stereochemical
studies, the effect of solvent and activation parameters appear to be consistent with a
concerted mechanism 23, In these cases, endo-adducts are formed with furan. 3-
Chloro-, 1,3-dichloro- and 3,3-difluorocyclopropenes add to cyclopentadiene to
give endo-adducts 233 3%,

The Diels-Alder reaction has been particularly widely used in the preparation of
cycloproparomatics, using either 1,2-dihalo- *! ~*® or tetrahalocyclopropenes 3% 236):

Br
=~ ButOK, THF, -78°C to -30°C
QCK — T
Cl

Br
_THF o J——
-20%C
Cl
cl

CF b— <
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The perfluorinated cyclopropenes (292, X = C(CF;)NH) may be prepared from
(293) by 1,3-dipolar addition of diazomethane followed by desulphurisation with
triphenylphosphine to produce, (294), and then thermolysis. Addition of (292,
X = C(CF,)0) to 2,3-dimethylbutadiene occurs predominantly in an endo-manner,
the intermediate undergoing an intramolecular ene-reaction to produce (295). In
the same way reaction with pyrrole leads to (296), in this case presumably by an intra-
molecular nucleophilic attack in the initially formed endo-adduct 7.

Fi F, FaC CF3 FaC CF3
F3C CFy
s

F3C CF, NtN’NH
Fi3C X 263 264
292
FiC CF3 EaC
3
FiC FaC CF3
CF.
: AR
| OH N7 NoH
Me 296
295

8 Dipolar Cycloaddition

8.1 Diazo-Compounds

Diazocompounds readily undergo dipolar cycloaddition to cyclopropenes, leading
initially to pyrazolines; however, these are in some cases very sensitive to base and a
number of early reports of this reaction indicated that the products were in fact

pyrldazu]es eg 238).

Ph7 N Ph

A

A further complication is the conversion of pyrazolines to diazocompounds, which
can be brought about in many cases either by heat or by light, coupled to the secondary
decomposition of these diazo-species. Reaction of diazoethane with 3-methylcyclo-
propene leads to the epimeric diazabicyclo[3.1.0Jhexanes (297). Thermolysis of
(297a) at 120-190 °C leads to (2982) as the major product, while (297b) leads to
(298 b), in each ease accompanied by isomeric products. The results are consistent with
initial rearrangements to the diazo-compounds (299, a and b), followed by loss of
nitrogen to produce the corresponding carbenes 2%,
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Me--.. H
0 . Bt
R R1-NR2 N,

N=N Rl R2
297 298 299
(@) R'=H, R?=Me
(b) R'=Me, R%=H

Photolysis of various diazabicyclo[3.1.0}hexenes related to (300) leads to mixtures
of dienes and bicyclo[1.1.0]butanes, eg.:

Ph .
Ph Ph /\)\ ,_V
RM’Ph Rt %{ » PN py, Pt

Ph Ph
300 301

The dienes are again explained in terms of a rearrangement to a diazo-compound
followed by loss of nitrogen to form a carbene and then 1,2-hydrogen shifts. The
bicyclo[1.1.0]butanes are thought to arise through loss of nitrogen to form a diradical
(301) followed by cyclisation >, It is interesting, however, to note that diazo-com-
pounds related to (299) can be converted to bicyclo{l.1.0]butanes in high yield (see
below), and that in other cases thermolysis of pyrazolines has been reported to lead
to high yields of bicyclobutanes 24! Whatever the origin, rearrangement of bicyclo-
butanes such as (302) using a rhodium complex catalyst provides a ready access to
the azulene system 249

Me Ph
Ph [Rh(CO 7 Clip C
<i>< oo etk Me

302

Addition of diazomethane to 3,3-dimethylcyclopropene leads to the pyrazolines (303,
R = H) but methyl diazoacetate leads to (304) and (305); the former is apparently
derived by base induced reaction of the pyrazoline, while the latter may be explained
in terms of rearrangement to the diazocompound (306) followed by dipolar addition
to the cyclopropene 242,

AN COZ Me
" ﬁ /E\‘ l l M
N-N">c0pMe N N COzMe

N=N

303 305 ~N
304 306

In the case of alkyl substituted pyrazolines such as (307), thermal decomposition at
40-70 °C or photolysis leads to complex products which could be explained either in
terms of a diradical intermediate or of rearrangement to a diazo-compound followed
by loss of nitrogen to produce a carbene. However, on brief heating to 80 °C or on
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photolysis at —50 °C, the pyrazolines are converted to yellow solutions of diazo-
compounds (308) which survive only for a few hours at 20 °C. The fact that the dia-
zocompound can be isolated from the photolysis of (307) at low temperature and leads
to the same products on heating is strong support for its intermediacy in the reactions
at higher temperature 249,

R4 R
R4 R3
Tt )
+

” R2 R!
307 -N
308

Diazoalkane addition to cyclopropenes having electron withdrawing substituents at
1- or 2-positions generally leads to the regioselectivity predicted on electronic or fron-
tier orbital grounds:

Me Me Me Me
R CO,Me R CO;Me Ref. 246,247
2 N
N
Me Me
Ref. 244
R P(OMe),
4
310
Me Me Me Me
POPh; POPh; Ref. 245
N‘N
Me Me
5 RI%POPhZ
PO{CMel), N,N
310 H
3n

although in some cases minor amounts of the regioisomers are isolated. The adducts,
and in particular the major isomers, often rearrange to diazocompounds under mild
conditions. The phosphonates (309) rearrange in refluxing benzene or toluene, while
reaction of (310) with ethyl diazoacetate or N,C - PO(OMe, ) at ambient temperature
leads directly to the corresponding diazo-compounds 2*4-24%), All diazomethane
adducts in this series rearrange to pyridazines, eg. (311), on reaction with a trace of
base 245). Although the adduct between (312) and diazopropane is reported to be
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thermally stable 249, the related ester (313) rearranges cleanly to the diazo-derivative
at 70 °C; catalytic decomposition in the presence of rhodium acetate leads to vinyl-
migration in an intermediate metal-carbenoid 247:

Me Me Me Me Me Me (O2Me
“><rC02 Me WMe
———— —_— } ——
CO2Me N CO2Me H«v Me
N
312 N-
313
In other cases, however, the diazo-compound is converted cleanly to a bicyclobutane,
eg. 247):
Me
Me Me Me Me 0;Me
Me COyMe
l — Me
Me COaMe - N+
I Me
N -

1-Trimethylsilylcyclopropenes also undergo regioselective addition of diazome-
thane 2*%-247) and rearrangement to the diazo-compound 2*7. Catalytic decomposi-
tion of the latter can lead to bicyclobutanes or to isomeric silyldienes, eg.:

Nz

e
N R"Z‘Oy Pd(MeCN)Zl(:lz W\ But
u
. SiMe
BUtW But\”/vSlMeg 3+314

SiME3

But SiMes
aut-ﬁ—sm% — W
N

314

Photolysis of pyrazolines derived from 1,2-bis-trimethylsilyl-cyclopropene-3,3-di-
carboxylates has also been shown to provide an efficient route to bicyclobutanes %49,

In the case of methylenecyclopropenes such as (315), the pyrazoline rearranges to a
diazo-compound, which in turn cyclises at the original exocyclic double bond 25%:

Ph on
PR CHCOMe —( FH2COMe CHoCO,Me
]> < — = CO;Me
— — Ny .
COMe N
Ph €O, Me Ph Ph—">N
315
8.2 Azides

The reaction of 3,3-dimethylcyclopropene with phenyl- or p-toluenesulphonylazides
leads to 2:1 adducts (316). These are apparently derived by rearrangement of an
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initial dipolar cycloadduct to give (317), which then reacts with more starting mate-
rial 242, Addition of ary! azides to tetrachlorocyclopropene occurs at elevated tem-
peratures and leads to the tetrachlorides (318), apparently derived from initially
formed dihydropyridazines by rearrangement with loss of nitrogen 238,

N cl
NR
\ h N:§:_<Cl
/ +N NR Cl
N I o

316 -N

217 318

8.3 Nitrile Oxides and Nitrile Imines

Cyclopropene itself and the 3,3-dimethyl-derivative add to nitrile oxides or nitrile

imines in good yield 2°V):
Ar—c=N-g %

7<N>

1,2,3-Triphenylcyclopropene cycloadds to a variety of pyridinium dicyanomethylides
(319) to produce indolizines and quinolizines, eg.:

Ph
I :[: o N . |\ xyPh
\N/ N \Ph
\C(CN)z
CN

319

8.4 Immonium Ylides

H Ph H
~3 Ph
N Ph
Nc CN
320
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Both products are thought to be derived from an initial adduct (320) but the detailed
mechanisms are very unclear %, Similar products are obtained from pyridazinium,
phthalazinium and pyrazinium dicyanomethylides 2%2),

Although some pyridinium ylides and pyridazinium N-oxide do not form adducts
with tetrachlorocyclopropene, compounds (321, Z = NCOR, NCO,R or C(CN,)) do
form moderate to low yields of adducts, eg. (322). This compound undergoes an
interesting elimination of AcCl on heating, the a-b bond being cleaved to lead, after
proton transfer, to (323) 253,

ClL Cl CHCly
I N % - /N‘N/ Cl
P, \N/N\};l a N
C
321 B 323

Other examples of heterocyclic ring synthesis using cyclopropenes are shown below:

o >§E<N—Ph Ref. 254a
./ /
. RCH=NPh 0

R‘I
T

> :
s [

D nd ><];S>=CMeCPh Ref. 254b

PR s ]!

“0— Oy —Ph ct cl
e :(U\/(( Ret 254c
Ph/ * “Me
cLcl / PN P
) i
el
m o ol
Ci(™ N=Ph Ref. 254d
N\fN
Ph

9 Oxidation

Peracid oxidation of alkylcyclopropenes leads to ring cleavage with the formation of an

cenone:
R1 R2
R1 R? R2 R
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When, eg., R! = Hand R*> = Me the regioselectivity is low, and the reaction is explain-
ed in terms of formation and rearrangement of a 2-oxabicyclo[1.1.0]butane derivative
255) The rate ofreaction for cyclopropenesis verysimilar to corresponding cyclobutenes
and cyclopentenes, in support of the formation of a highly strained intermediate 2°%),
though the effect of 3-substituents can be interpreted in terms of o- or w-attack 37,
In the case of the sterically hindered cyclopropenes (324) a different process occurs and
two products apparently derived by decomposition of (325) are isolated. Apparently
the initial reaction in this case involves abstraction of H-3 of the ring, the resulting
cyclopropenium ion being trapped to produce (326). Replacing the 1-t-butyl group
by phenyl leads to a dual pathway via hydrogen abstraction and oxidation to the
oxabicyclo[1.1.0]butane ¥

But ! It
But H acoun BUt OCOOAr BUt —C—0—C—Ar
(e A X
But But But ~But But But But—=-But
324 325 326

It is interesting to note that tri-t-butylcyclopropene shows an unusually high reactivity
towards chromium(VI), and is again converted to the cyclopropenium ion in a process
which shows a high deuterium isotope effect 239,

When the cyclopropene has a single carbomethoxy or aryl substitunt at the 3-
position, the predominant stereoisomer of the enone obtained has the substituent cis-
to the ketone 269261 One possible explanation is the formation of a bicyclobutane by
peracid attack from the side away from this substituent, followed by a stereocontrolled
rearrangement. If the 3-substituent is hydroxymethyl, the reverse stereochemistry is
observed in the enone, in agreement with a peracid attack directed by this group to
the same face of the cyclopropene, followed again by rearrangement 262

Analysis of the second-order rate constants for various methyl and phenyl sub-
stituted cyclopropenes shows effects similar to those observed with alkenes undergoing
epoxidation, again in agreement with the intermediacy of the oxabicyclofi.1.0]butane
in cyclopropene oxidation 263,

Peracid oxidation of the 1-trimethylsilylcyclopropene (327) proceeds with good
regiocontrol to produce the enone (328) in good yield; this is further oxidized by a
second equivalent of reagent to (329):

Me Me SiMe3 OSiMeg

__’Me Z /O —— Me 20

Me SiMey Me Me Me Me
327 328 329
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SiMe3
Me Me \H\/O
"
SiM ButASiMeg
1Me3 331 32
330 3

In the case of the dimethyl-substituted cyclopropene (330), the initial product is (331)
but further oxidation occurs more easily. The presence of large substituents at C-2
reduces the regioselectivity of the initial oxidation, (332) producing a 4: I mixture of
isomeric enones 264,

Although 1-methylcyclopropene is inert to singlet oxygen *°”, irradiation of
1,2,3-triphenylcyclopropene in methylene chloride with oxygen in the presence of
methylene blue leads mainly to 1,2,3-triphenylpropandione, though in other solvents
complex mixtures result. Similar treatment of tetraphenylcyclopropene leads princi-
pally to (333), although in this case there is no marked solvent effect 2*®. The oxidation
has been shown to proceed by a Type I rather than a Type II process on the basis of
several observations. It is not affected by the singlet oxygen quencher DABCO, but
the rate is reduced by radical inhibitors; morgover the cyclopropene does not react
with singlet oxygen generated thermally from triphenylphosphite-ozonide. The
photochemical process is accompanied by bleaching of the sensitizer dye, as is charac-
teristic of radical processes, and the effects of solvents and temperature also support
the intervention of radicals 267,

265)

10 Solvolytic Ring Opening

Cycloprop-1-en-1-yl-substituted alcohols often undergo ring-opening on treatment
with aqueous perchloric acid. In the case of (334) the initial product is apparently the
allene (335), which is further converted to (336) 7+ 2%%):

o}
HC104aq. HO .N |
R X d X X
R

OH R
3% 335 336

Reaction of 2-halomethylenecyclopropanes with silver ion in methanol can follow a
similar course 259, although (337, X = C}) rather unexpectedly leads to unrearranged
product, (337, X = OMe) 279;
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Me Me Me ci
M ;
€ X Me” Xx——Me
CO,R CO,Et
337 338

Indeed, the chloride (338) reacts under the same conditions with allylic rearrangement
to produce the same cyclopropene (R = Et)27%, although there are several other
related cases which lead to ring opening 2.

It is interesting to note that reaction of (339) with thiolate ion apparently proceeds
by an S 2’ type of process, while the related dichloride (340) leads to products which
can be explained in terms of an initial allylic rearrangement 182,

SMe
Me7A\ ct 7£
Me
339
SMe
&SMe
Ct SMe

Cl
340

The reaction of cycloprop-1-enylpropan-2-ols with thionyl chloride is also highly
dependent on substitution, presumably reflecting changes in the rate of cyclopropyl-
allyl ring opening 16%:

socl,
XA A
OH Cl
Ct
socl, >___<_<
}{%OH B

Cycloprop-2-en-i-ylmethano! derivatives (341) ring expand under acidic conditions
to cyclobutenols in a reaction thought to proceed through a homoaromatic cyclo-
butenyl cation 2"V;

OH RH R R
7% o
R R HO
341

However, closely related alcohols are ring opened by reaction with perchloric acid
in THF, suggesting a very strong substituent effect in this reaction ™. In a similar
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process, dithianes such as (342, R = H), readily formed by trapping of cyclopropenium
salts with the lithiodithiane, are efficiently converted to endiones, eg. (343), by reaction
with calcium carbonate and methyl iodide 27?:

CHO

i
Ph/k%kph
R=H Ph
Met/CaCOq 343

PhXPh
s
Ph7 \J

S

Rz=Me

342 m Ph Ph
Pad

0

0
/'K(K(/o
Ph H
344

The corresponding methyl-derivative (342, R = Me) leads to a furan under these
conditions but deprotection by mercuric oxide and boron trifluoride produces an E/Z
mixture of diketones corresponding to (343). Replacing one of the phenyl substituents
in (342, R = H) with methyl leads instead to the (E)-ketone (344). Various mechanisms
are possible for these reactions, but an attractive one involves methylation on sulphur

and ring expansion to (345), followed by trapping by water and ring opening 27?:
Ph R Ph R!
R? ; S\~ SMe R2 ]-i(, S/\/\SMe
345

11 Ring Expansion

The acid (346) is readily available by addition of phenylchlorocarbene to methyl
3,3-dimethylacrylate followed by elimination of HCl using potassium hydroxide in
toluene. The cyclopropene is extremely sensitive to acid, eg. undergoing ring opening
on reaction with p-toluenesulphonic acid in toluene; more interesting is the ring
expansion on treatment with thiony! chloride 27:

Me Me Me Me

0
AN o PTsOH A SOCly Meji/
PR Ph COzH Ph

cl
CO,H 346
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The dichloride (347) is converted to (348) on heating, apparently again through an
intermediate cyclobutenyl cation. Hydrolysis of either compound with water leads to
the ketone (349), which is reconverted to the cyclobutene by treatment with phosphorus
pentachloride 2%,

0
\ t
But CHCI, But. CI Bu
A,
But But N ZR But But
347 348 349

The hydroxy-cyclopropene (350) undergoes a ready base-induced ring expansion to

(351) 779
~ 9
B” heg WC0Et o o
> =
Ph Ph Ph Ph
350 351

Reaction of cyclopropenes with cyclopropenium ions leads to a three carbon ring
expansion to aromatic derivatives, presumably through ring opening of an initially
formed cyclopropenyl-cyclopropylcation 279:

Ph Ph
’ A\ _—
PhAPh PhAPh Phﬁ}’h

In the case of trapping of cyclopropenium ions by azirines, the regiochemistry is
interpeted in terms of an initial one-carbon ring-expansion 277):

Ph

\ Phﬂ/gﬁh PN

+ AN —
PhAPh ph—Nph Ph 2

Ph-"™N Ph
Similar ring expansions are observed when 3,3’-bicyclopropenyls are treated with
silver ion (see section 9). Reaction of the propanoic acid derivative (352) with oxalyl
chloride also leads to a three carbon ring expansion, although the detailed mechanism
of the reaction is not clear 2'%):

COH 0 OH
Ph
o, ;
D et et e e
Ph Ph Ph Ph
352 Ph Ph

Three atom ring-expansion of cyclopropenyl azides and diazo-compounds provides
a useful route to triazines and pyridazines respectively 27®,
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Me

Me N3
X ey
Me Me NIN-NMe

N-—NH>
// Me Pr
H C—Me Hy y#N2
o G
Pr Pr Pr Pr N
Me

12 Rearrangement of 3,3’-Bicyclopropenyls

The isomerisation of 3,3’-bicyclopropenyls to benzene derivatives is highly exothermic
and can be brought about under thermal, photochemical or metal catalysed condi-
tions. The bicyclopropenyl (353, R = H) rearranges in the presence of silver ion to
produce one regioisomer of the Dewar benzene (354) 27%):

Po r D Ph Ph
Ph Ph
Ph R Ph
353 354

Product analysis shows that the thermal and metal induced reactions follow similar
courses. The former reaction may proceed by opening of one ring to produce a formal
viny! carbene, followed by ring expansion; the latter may be rationalised in terms of
electrophilic attack by silver ion at one of the cyclopropenes to produce a carbenium
ion (355) — that is a silver-coordinated equivalent of the carbene — followed by ring
expansion of the second cyclopropene.

X
>—1
Ag
355 35{

1

N ——— )
+ *
Ag

D>

356

In agreement with this (353, R = CN) does not rearrange under either thermal or
silver catalysed conditions, the substituent apparently stopping either step depending
on the ring which is initially attacked 259, The thermal reactions are complicated by
the fact that, e.g., 3,3’-dimethyl-3,3"-bicyclopropenyl is converted to two diastereo-
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isomers of the 1,1’-dimethylisomer on heating, and there has been considerable discus-
sion of the mechanisms of the various processes involved 28", Analysis of the thermal
rearrangement of each isomer under more vigorous conditions to produce mixtures
of isomeric xylenes shows that the diastereoisomers interconvert in competition with
xylene formation through a path which does not involve direct bonding between the
two rings. A process involving formation of a diradical (356) is proposed 282, There

is also evidence for discrete intermediates (355) and (357) in the silver ion reactions 283
284y,

Ag*/MeOH
-20C AN

When the latter reaction is carried out in MeOD, the distribution of the label in the
products is consistent with attack of silver ion at the n-bond and disrotatory opening
of an incipient cyclopropyl cation towards the centre of developing positive charge 284):

R

_— . R
/\QZ? > )
? Ag)’ ® Ag

Although the mechanisms of these reactions may be complex, they do allow access
to a range of highly strained intermediates, eg. 28%);

The thermolysis of (358) also leads to aromatisation, in this case in a process believed
to involve an intermediate nitrile ylid. Evidence for this is obtained by thermolysis of a
series of cyclopropenyl-substituted oxazolinones such as (359) for which cycloreversion
with elimination of CO, is known to lead to a nitrile ylid. In some cases the ylid could
be trapped by addition to methyl propiolate. Substituent effects suggest that the nitrile
ylids undergo stepwise addition to produce a bicyclobutyl zwitterion which can either
collapse to an azabenzvalene or rearrange to a cyclobutenyl cation 289,
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Me +N Ph
=N
Ph R | Ph Ph Me~ N~ Fh
e ——=Ph Ph—= |
Ph Ph —] Ph-"“Ph
Ph Ph Ph Ph Me Ph
358
Ph
Me Ph
N Ph
Ph/LO =0
359

13 Radical Addition

Reaction of t-butyl hypochlorite with 1-methylcyclopropenes can lead to efficient
formation of 2-chloro-1-methylenecyclopropanes through trapping of an intermediate
allytic radical 287-2%9);

R R

/A\ ButoCl %
Me Me Me— S

cl
Radical reduction of 1-(halomethyl)cyclopropenes can however lead to complex
products 2%,

14 Sigmatropic Shifts

Thermolysis of 3-acyl- 29, or 3-trimethylsilylcyclopropenes 2°?, can lead to a formal
1,3-shift, eg.:

Ph SiMes Ph

_—t .

Me Me Me / Me
SiMey
In the latter case this has been shown to involve an intramolecular silyl-shift. In the
case of 3-azido-cyclopropenes, a similar migration apparently occurs through ionic

intermediates 27®.

15 Conclusion

Cyclopropenes are now readily available from a number of synthetic procedures and
substituents may readily be introduced through 1-metallated species. The application
of cyclopropenes in synthesis has to date provided routes to a very wide range of
carbocyclic and heterocyclic systems derived by inter- or intra-molecular addition,
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and of extremely mild routes to unsaturated carbenes. 1,2-Addition to the alkene
provides flexible approaches to a wide variety of cis- or trans-disubstituted cyclo-
propanes. The use of the cyclopropene ring as a template in enantiocontrolled synthesis
has been largely neglected, but this may well prove to be an area of considerable future
interest.
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