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Synthesis and Synthetic Applications

Among the a-heterosubstituted cyclopropylmetals o-selenocyclopropyllithiums represent some of
the most valuable synthetic intermediates. They are quantitatively prepared from selenoacetals of
cyclopropanones and butyllithiums, are thermally stable at ~ —78° for several hours and are parti-
cularly nucleophilic especially towards carbonyl compounds. The cyclopropyl derivatives containing a
selenenyl moiety have been transformed to selenium free derivatives such as alkylidene cyclopropanes,
vinyl cyclopropanes, allylidene cyclopropanes, cyclobutanones and a-silyl cyclopropyllithiums. The
latter compounds have been used as starting material for the synthesis of alkylidene cyclopropanes and
cyclopentenyl derivatives. a-Seleno cyclobutyllithiums, which are available in two steps from cyclo-
butanones, also permit the synthesis of various selenium free homologues such as alkylidene cyclo-
butanes, vinyl cyclobutanes, oxaspirohexanes and cyclopentanones.






Synthesis and Synthetic Applications

1 Background

The presence of a selenenyl moiety in organic molecules confers on them unique
properties ! *?. The selenium atom in selenides is particularly nucleophilic towards,
for example, alkyl halides and halogens '? (Scheme 1); it is oxidizable leading

R1 R1

| 1
RSeM + X—C~-R? ————=RSe —~C—R?

R3 R3

X =halogen, o suifonate...

Scheme 1
teq0 1
@ 4
a ke RSeCH,CH,0ct | —= CHy =CHOct
RSe CH3CH20ct
o]
b ﬁ NuM .
o wnd K eye ™ Re=CHj CHa0ct —== NuCHy~CH, Oct
0
NuM=Nal,NaOH ,NaN3,PhSM
Scheme 2

selectively to selenoxides >~ '? upder mild conditions (Scheme 2a) or to
selenones with excess of oxidant !> ¥ and under more drastic conditions (Scheme 2 b).
The selenium atom is also electrophilic: selenides react with alkyllithiums and lead to
novel selenides and novel organometallics by cleavage of the original C—Se bond
(Scheme 3) 7912

r r 7
) ~ )

PhSeC—R> = . Ph¥e—C—R? Li| —=PhLi + Bu~C~R?
R? Bu R? R?

Scheme 3

Finally the selenenyl moiety is perfectly able to stabilize a carbanion’ %12
(Scheme 4a) or a carbenium ion *'®1%:19 (Scheme 4b). The selenenyl moiety in

g 28 R OOH
a Buli RSe-C—Li | + BuSeR -’?;‘::ﬁx%'Se-c-cr‘—R3
/ (THF,-76°C,0,5h} R2 B2 Ré
R1
|
RSe—-C—SeR
‘2
R
\ R! MesSIO g Ré SeR
, ) »
b SnClg RSe-C* RSeSnCl,| TSERIE-C-(-p
CH2Clg,- 40°C,1.5h, "?2 ,{,5 !{’2

Scheme 4
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selenides can be removed by a large variety of reagents. Substitution reactions are
observed in several instances. For example, selenides are reduced to alkanes
(Raney-Ni, Li/NH,, HSnR,) '*~'® (Scheme 5) or transformed into alkyl halides on

a Cy1 H3CH({SeR) Me C1y Ha3CHoMe

mseph 2.3eq. PhysnH m“
b MeO Y 078h MeO 0

84 °%
Scheme$5
H, H, o B 2
"C—SePh  BryMEtyICH,CI, c—SéPh Br—C—Hex
Hex 20 °C Hex -
Me Me - Me
Br
80 %
{ stereochemical
Scheme 6 purity 95.5 % )

direct reaction with bromine !*?? or methyl iodide 7 (Scheme 6). The selenenyl
moiety can be transformed to a better leaving group, such as a seleninyl or a
selenonyl group. The oxidation to selenoxide is usually very easy®>~%!!? and
takes place even at low temperatures-(—78 °C) when ozone is used. Formation of
selenone is rather difficult due to the competition of the selenoxide elimination
reaction & '3). A few reports deal with the substitution of the selenenyl moiety: for
example, selenides have been transformed to alkyl chlorides and bromides on
reaction 2" of the corresponding selenoxides with hydrochloric or hydrobromic
acids. The selenonyl moiety in selenones is a much better leaving group ' (even
better than the iodide ion **) which posseses a high propensity to be substituted
rather than to be eliminated. Thus selenides produce, through the selenones '**1%),
alkyl iodides (Nal, P,I,), alkyl bromides or chlorides (MgX,, RMgX), alkyl
sulfides (PhSM), alkyl azides (N,M) and alcohols (KOH) (Scheme 2b).

Elimination reactions leading to olefins are usually performed on the cor-
responding selenoxides >~% 111 (Scheme 2a). These are often unstable and de-
compose at room temperature to olefins and selenenic acid (further oxidized to the
more stable seleninic acid by excess of oxidant). Hydrogen peroxide in water-THF,
ozone and further treatment with an amine or tert-butyl hydroperoxide without or
with alumina proved to be the method of choice for such a synthesis of olefins.
The reaction is reminiscent of the one already described with aminoxides or
sulfoxides 22 and occurs via a syn elimination of the seleninyl moiety and the
hydrogen attached to the B-carbon atom. However it takes place under smoother
conditions.

Olefins can also be produced ?® by reaction of selenonium salts with bases.
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Again a syn elimination reaction, involving now the carbanion present in the ylide
moiety, has been invoked (Scheme 7).

Me X
MeX ‘ * base
R—Se—CHy—CHp—Octyl ————— R—Se~CHy~CHy—Oct ~——=——=CHjy =CH —0ct
R =Me ,Ph CH31/AgBF; {CH,CLy) t BuOK / DMSO 80.71%
Scheme 7

Among the functionalized selenides, B-hydroxy-alkyl-selenides 391112 and
allylselenides 24741 are those which possess a typical reactivity.
In some way B-hydroxy selenides resemble pinacols in their reactivity (Scheme 8).

Meée(H
HO. S HO,
tBuO,H/Al04
THF/55°C, 3h
L 96°%
-
~ . —
MeSe
PI3/NEt3
MeSe / CHyCly/20°C .
0 HO l" 95%
><‘Li — -t
+ ————
SeMe ™. -
Me,Se 0
\\ MesogF/ether | HO 10% KOH
-78°C to 20°C ether
FSO§ 99“]&
- —
+
CIz’E\Se’Me
HOoy & 0
TIOEt/CHCI3
0%
J— R

Scheme 8 A

The presence of the soft selenium atom and the hard oxygen however, make, the
reaction of B-hydroxy selenides site selective. These have in fact been transformed
selectively to vinylselenides ' or olefins *~2-11-*9 by selective activation of the
hydroxy group, inter alia, with thionyl chloride alone or with thionyl, mesyl and
phosphoryl chloride, trifluoracetic anhydride, phosphorus triiodide or diphosphorus
tetraiodide in the presence of triethyl amine (Schemes 8 Ab; 8 Bb). The formation
of olefins from B-hydroxyselenides is regio- and stereoselective and occurs by formal
removal of the hydroxyl and selenenyl moiety in an anti fashion.

Selective activation of the selenenyl moiety of B-hydroxy selenides has been
achieved with methyl iodide, dimethyl sulfate or methyl fluorosulfonate. The

7
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selenonium salts produced have been transformed to epoxides 3% 11:12:39) o treat-
ment with a base (aq. KOH/ether, and tBuOK/DMSO, inter alia) (Schemes 8Ac;

OH

{BUO,H, AL,0
2223 Non A a

THF.60°C,5h

Dec
B b

0O MeSe OH SeR
{:/’/ DecCHLI d-(
THF
-T8C to 20°C Dec 0
71% Ef—\
) 2) ag. KOR/ether Dec C ¢
65%/s )
LILICH,Cl,
o}
TIOEtEHC!
CHC D j
58%
Scheme 8 B ch 91%%

8Bc). The reaction is highly stereoselective, the selenonium salt being substituted
with a net inversion of the configuration .at the substituted carbon atom *. The
same reaction has also been achieved *» in one pot from B-hydroxy selenides and
thallium ethoxide in chloroform or aqueous potassium hydroxide in chloroform. In
these two cases it is restricted to those B-hydroxy selenides in which the carbon
bearing the selenenyl moiety contains at least one hydrogen. In the other cases a
rearrangement, which is close to the pinacolic rearrangement, but completely site
selective, occurs & 124344 apnd leads to aldehydes or ketones which retain the oxygen
originally present on the same carbon atom (scheme 8 Ad; 8 Bd). Both transformations
have been found to proceed ® %44 through dichloro carbene (or a related species).

B-hydroxy-alkyl-selenides are also very powerful precursors of allyl alcohols 32
.12 The transformation requires the oxidation of the B-hydroxy-alkyl-selenides to
B-hydroxy-alkyl-selenoxides which usually collapse to the allyl alcohol below 70 °C
and often at room temperature. Hydrogen peroxide supported on alumina in THF
are, among the conditions reported, the ones which can be recommended
{Schemes 8 Aa, BBa).

Allylic selenides, with a substitution which is different at the terminal carbon-
carbon double bond and at the carbon bearing the selenenyl moiety, are often
unstable and rearrange > to the thermodynamically more stable allylic selenides,
which in fact possess the more highly substituted carbon-carbon double bond. The
isomerisation of the phenylseleno derivatives is efficiently achieved in sunlight or
with fluorescent bulb in the laboratory after less than 1 hr*®. Methylseleno
analogues are very sensitive to traces of acid and rearrange **) almost instantaneously,
even on buffered SiO, TL.C plates.

Oxidation of these allylic selenides with ozone, hydrogen peroxide, and sodium
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periodate does not lead to the expected selenoxides but produces, in almost
quantitative yield, allyl alcohols resulting from a selenoxide-seleninate rearrange-
ment 24-26:29-41.4%)  Gimilarly, allylamines are formed > when allyl selenides are
reacted with chloramine T.

With these interesting types of reactivity of selenides and functionalized selenides,
it is important to show that these compounds can be rapidly prepared from
readily available starting materials. At least two types of methods are available for
such purposes and involve the attack of a selenolate '™ or of an a-seleno
alkylmetal %1112 on an electrophilic carbon atom. This last reaction is parti-
cularly interesting since a new carbon-carbon double bond is formed in the process.

Little was known about the synthesis and the reactivity of a-selenoalkylmetals
prior to our work. It has now been clearly established that any o-selenoalkyl-
metal with a carbanionic center bearing a hydrogen and/or an alkyl group cannot
be prepared by metallation of the corresponding selenides 7). This can be rationalized
in that the selenenyl moiety does not sufficiently stabilize a carbanion and
consequently a base such as a dialkylamide is not strong enough to metallate a
selenide (or a sulfide), and alkyilithiums, which are strong enough to perform the
hydrogen-metal exchange in sulfides possessing a similar acidity, cleave instead the
carbon-selenium bond in selenides.

Such a propensity of the carbon-selenium bond to be transformed into a
carbon-lithium bond on reaction with butyllithiums has in fact been used successfully
for the synthesis of various a-selenoalkylmetals from phenyl and methyl selenoacetals.
It has inter alias been used for the synthesis of those a-selenoalkylmetals which bear
two alkyl groups on the carbanionic center and which are expected to be the less
stabilized ones *~%*%12, It also permits the selective synthesis of a-lithioseleno-
acetals from selenoorthoesters % %12,

Although unable to metallate selenides, dialkyl amides are sufficiently strong to
metallate phenylselenoacetals **#6~%" as well as methyl “* * and phenyl 464752
selenoorthoesters. They are also able to metallate selenoxides ¢~% 11:53-5% apd
selenones '4). Finally selenoacetals are readily available % 7-11.12.56) from carbonyl
compounds and selenols in the presence of a Lewis acid and selenoorthoesters have
been prepared from orthoesters, selenols, and boron trifluoride etherate 4748 52),

2 Syntheses of 1-Functionalized-1-Metallo Small Ring Compounds

A few years ago we became interested in adapting the synthetic methods men-
tioned above to the cyclobutyl and cyclopropyl derivatives. The strain present in
.such compounds must be taken in to account. For example, cyclopropanone is not a
suitable starting material for the synthesis of the corresponding selenoacetal due to its
instability, and alkylidene cyclopropanes are more diffficult to prepare than other
olefins, due to the strain present. The methods listed in the first section proved in
several instances inefficient, and a search for new reagents was often required to
achieve the goal. The strategy we will discuss involves: a) the synthesis of a-
metallocyclopropyl derivatives bearing a selenenyl, a seleninyl, or a selenonyl
moiety;

b) their reaction with an electrophilic carbon atom; and
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c) the removal of the selenyl moiety of the resulting compound in order to
prepare selenium-free derivatives 7% 12,

0
R:CgH Cr03/H450,
e MeCH=CHChex
75%
?H
: CH
i CHp=CH-CH,CHhex
(1) CHal 78'/.
{2)t BUOK/DMSO, 20°C °
(1}CH MgBr/ether
[ZiAwPT soc - Me=—0
MeCH=0 60%
0 ?eR (I)H ?r (I)H
MeCHSeR + L\ hex—eMeCH—CH,CH—hex — 58" IMaCH-CH,CH hex tBUOK / DMSO
' Bry/E1OH/H,0
Li 80%%
OH
MgO-HMPT _ o
e - MeCH=CHCHhex 75%
?H
R: CgHs, CHy . y
CTTEN, /- 10°C MeCH,-CH,CHhex 80%
Scheme 9
H nhex
Li/EtNH, \_/
R=nHex /C\
H Me
80°%
PhSe
CH3I/DMF/S0°C =3
ReH or leLor Pl3 o5 Me
R PhSe, R ¢
Ve A4
0= — c
?4 VRN
e PhSe Me 0siMes 0
RsMe @ﬂ_. é/kSeF’h
CHyCly/-40°C
R 97%
KDA/
THF {or LiTMP/
THE
PhSe M PhSe nHex nHex
N/ n-Hex-8r CuCly/ Culyz /
¢ - /c\ - 0BC\
phse” “Me PhSé  Me Me
M=Li: 83% 85%
M=K : 85%
Scheme 10

10
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Scheme 8, 9 and 10 disclose specific examples of such a strategy applied to o-
selenoalkyllithiums which do not belong to the cyclopropyl or the cyclobutyl
series.

Cyclobutyl compounds were found *” to have reactivities closely related to the ones
already disclosed for open chain and other cyclic derivatives 78 1%, Moreover, in
several instances, compounds possessing a cyclobutane ring have been prepared from
a-selenoalkyllithiums and cyclobutanones (Compare Scheme 8B to 8 A) using the
strategy already presented. This is not, however, the case of cyclopropane analogs
due to the unavailability of cyclopropanones.

2.1 Syntheses of Functionalized (1-Seleno-, 1 Silyl-, 1-Vinyl-)Cyclopro-
Phenyllithium

a-Selenocyclopropyllithiums and e-silylcyclopropyllithiums belong to the well-known
family of a-heterosubstituted cyclopropyl metals . The presence of the cyclo-
propyl ring enhances the stability of the carbanion and therefore favors its
generation more than that of the corresponding heterosubstituted organometallic
part of a larger ring or one bearing two alkyl groups on the carbanionic center.
Several o-heterosubstituted cyclopropyl metals are known. They have been
prepared by:
a) hydrogen-metal exchange from the corresponding carbon acid ! (Scheme 11a)

X
a X=PPhy, §Phy. SO,R. Se0,R
N =C. SPh, SIO)INMe,IPh, N3
H

1

1 [><x
M
2

X (X:SPh) (x:swm) (x:sne}

Y =SPh/ \Y=SPh 1 \y=8r
b D< X = SiMe: =0Me) (x =Br X = Bry /X = SiMe
¥ (Y:SePhﬁ:sPh Y=SnR:) (Y:Br)(Y=Br 3
2
a) X Ref. b) b3 y Ref.
*PPh, 860 SPh SPh 79.80)
*SPh, 61,62 SiMe, SPh 812,82)
SOZR 65,66} SMe Br 71y
S5¢O,R 67, SiMe, SePh i
N=C 68.69) OMe SPh 84.85)
SPh 70 Br SnR. 83)
S(0) (NMe),Ph 63) Br Br . 7,73)
N, 84 SiMe, Br 77.78)
Scheme 11

11
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b) halogen-metal exchange (Scheme 11b) [SMe "V, Br 7' =73, C17¥, SiMe, ° 7%

c) heteroatom-metal exchange (Scheme 11b) [SPh7%%%, SiMe, 778182 Br8Y,
OCH, ®9, SeR %687] which implies sulfur-lithium 7°~82 8459, selenjum-lithium 7"
86.87) "or tin-lithium 8% exchange.

Hydrogen-metal exchange is most frequently used, because the compounds to be
metaliated are easily synthesized. However, it lacks generality and often applies
exclusively to the parent compounds 7 or to those derivatives which possess another
group (such as a vinyl, phenyl, or carbonyl group) able to stabilize the carbanionic
center,

2.1.1 Attempted Syntheses Using Hydrogen-Metal Exchange

It was expected that the extra stabilization provided by the cyclopropyl group **~%
would be sufficient to permit the metallation 35 of cyclopropy! selenides **3%
94.95) or of cyclopropyl silanes °® %% but that proved not to be the case. The
phenylseleno and methylseleno cyclopropanes required for this study were prepared
by the routes outlined in Scheme 12, which involve:

SePh SePh LDA/THE SePh
BuySnH/Toluene
a [>< or BuLi/THF 78°C D< ——
SePh H
Me Me
M A rauox M€ SePh Loa_trra Me SePh
b 0C[CHZSePhW M —e e M
POoY] Li TMP / THF 1
R! R2 200¢ R R2 LliTMP/ "R R2
THF - HMPT
R'RZ H or Me
Prop, Cl Prop SeMe LiTMP Prop SeMe
c SeMe nBuli/THF b<
SeMe 78°C THF-HMPT
Scheme 12 H M
7,35,94)

a) The reduction of cyclopropane bis(phenylseleno)acetal by tributyltin hydride
or by n-butyllithium °¥ (n-BuLi) followed by protonation of the resulting a-lithio
cyclopropy! selenide 7> (Scheme 12a);

b) addition of phenylselenomethylene, generated from a-chloromethyl phenylselenide
and tert-BuOK to alkyl-substituted olefins 3*-*+°> (Scheme 12b);

¢) The cyclisation of y-chloro-a-lithio bisselenoacetals >> (Scheme 12¢).

All attempts to metallate cyclopropyl silanes with strong bases such as alkyl-
lithiums in THF ° or sec BuLi and TMEDA in THF #?® as well as cyclopropyl
selenides with non-nucleophilic bases such as LDA in THF 39,94 or lithium
tetramethylpiperidide in THF **°% or in THF-HMPT 35) (Scheme 12), meet with
failure,

On the other hand as expected, butyllithiums do not metallate cyclopropyl
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phenyl selenides. They instead act on the selenium atom producing 3> butyl
cyclopropylselenides and phenyllithium rather than cyclopropyllithiums and butyl
phenylselenides (Scheme 13). The metallation of cyclopropyl selenoxides has not been

Me Me oH
Me SePh 4y g Me SeR |
R H 2) Hex-CH=0 g H + PhCH-Hex
R2 R2
RURZ=H or Me

R =nBu or tBu
Scheme 13
reported, but that of the cyclopropyl phenyl selenones available ®” by oxidation of
cyclopropylselenides proved particularly easy and was performed %7, inter alia, by
potassium fert-butoxide in DMSO (Scheme 14). The resulting anion, which is
quite unstable, was immediately trapped ®” by benzaldehyde present in the reaction
medium.

SePh Se0,Ph Se0,Ph
KMnO, /H,0 t BuOK-DMSO PhCH=0
R | R e
Me MeH Me MeH Me Me K
9
kc-Ph + k—-;—?h -—_—
4]
Me Me Me Me

Scheme 14

2.1.2 Syntheses Implying Heteroatom-Metal Exchange

2.1.2.1 Synthesis of 1-Seleno cyclopropyllithiums by Selenium-Metal Exchange
Jfrom Selencacetals of Cyclopropanones

a-Metallocyclopropylselenides unavailable by metallation of the corresponding
selenides are, however, readily available on reaction of cyclopropanone selenoacetals
with alkyllithiums 33887 Although most of the work has been performed on
methyl and phenylselenoacetals of the parent compound, the selenium-metal

SeR nBuli SeR SeR
or tBuli/THF PhCH =0
P< t Bulifether -78°C )>< )>§/Ph
1 SeR v Li 1
R R R" oH
R =Ph R'=H 80%(etheror THF)
R =Ph R'=Pr 70% { THF)
R =Me R':=H 78%{THF)
R =Me R Me, hex, dec 100 *% -
Scheme 15
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exchange has also been quantitatively observed with ring alkylated derivatives >
Scheme 15.

The reaction occurs quite instantaneously at —78 °C with n-BuLi ®® or fers-BuLi
3599 in THF, or with fert-BuLi in ether ®”. The availability of selenocyclo-
propyllithiums in the last solvent is particularly important since, for example,
their nucleophilicity towards carbonyl compounds is enhanced under these condi-
tions 7 (vide infra). However in this solvent sec- or fert-BuLi must be used *”) in
place of n-BuLi in order to obtain quantitative cleavage of the carbon-selenium
bond. For example, 1,1-bis(methylseleno)cyclopropane is recovered unchanged after
addition of n-BuLi in ether at —78 °C or —40 °C. However, 1,1-bis(phenylseleno)-
cyclopropane is more reactive since, under these conditions, 35% of 1-lithio-1-
phenylseleno cyclopropane is produced *.

It is interesting to note that the latter result is exceptional since 1,1-bis(phenyl-
seleno)cyclopropane is the only selenoacetal derived from ketones to be at least
partially cleaved under these conditions ®” and even the homologous cyclobutyl
derivative is inert under these conditions. This may be due to the extra stabilization
introduced by the cyclopropyl ring. The case of 2-decyl-1,1-bis(methylseleno)cyclo-
propane merits further comment. It is difficult to assess ** whether the cleavage
of the carbon-selenium bond occurs on the methylseleno moiety cis or trans
to the alkyl group, since this organometallic leads®> to a mixture of the two
possible stereoisomers on further reaction with electrophiles (Scheme 16).

SeMe SeMe SeMe Me
nBuli, THE78°C Mel / THF -
e i ———— +
P X | )>( [
Dec SeMe Dec Li Ded Me Dec SeMe
Scheme 16

2.1.2.2 Synthesis of 1-Vinyl Cyclopropyllithiums by Selenium-Metal Exchange from
1-Seleno-1-vinyl cyclopropanes

The cleavage of the carbon-selenium bond has also been used 36) for the synthesis of
1-lithio-1-vinyl cyclopropanes from 1-seleno-1-vinyl cyclopropanes (Scheme 17).

SeMe Li E

R®  noputi R? E* R?
THF -78°C
R' R3 R' R3 RS
entry R, R, R, Z/E electrophile yield
H H hex 02/38 H,0 80
H hex H 90/10 H,0 84
hex Peut H —_ H 80
H H hex 2/98 Dec Br 75
H hex H 90/10 Dec Br 94
H H hex 2/98 co, 60
H hex H 90/10 Co, 65
Scheme 17
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These organometallics cannot, in fact, be prepared 1°°~1%% by metallation of the
corresponding carbon acid 1°9'-2, The methylseleno vinyl cyclopropanes are rapidly
and regioselectively cleaved *® by »-BuLi in THF from —78 °C to —45°C,
depending upon the nature of the substituents present on the carbon-carbon
double bond. As far as we know, the lithium sits on the cyclopropyl carbon
rather than on the other site of the allylic system, since, after reaction with water,
alkylhalides, and carbon dioxide, the resulting derivatives (with the exclusion of the
styryl compound) retain both the regio- and the stereochemistry originally present
on the starting selenides (Scheme 17). Under similar conditions, only the E
stereoisomer 3 is formed, whichever of the Z or E styryl compounds is reacted
(Scheme 18). Phenylseleno derivatives behave differently *® since both types of

SeMe Li H
n-Buli/THF H30*
Di-\ -78°C DL\ -78°C to 0°C l><_\
Ph Ph Ph
Z/E ratio 5/95 E:76 %
Z/E ratio 98/2 E: 80 %

Scheme 18

cleavage of the carbon-selenium bond are observed, which leads *’ to a mixture, of,
respectively, phenyllithium and 1-butylseleno-1-vinyl cyclopropanes, and 1-lithio-1-
vinyl cyclopropanes and butyl phenylselenide. The desired 1-lithio-1-vinyl cyclo-
propanes can however, be exclusively formed if two equivalents of #-BuLi are
used, 3% rather than one (Scheme 19).

SePh Li SeBu Li
%1QQBUUITHF .78*C D{_,\ [><ﬂ 1egBuLi/THF DL\
+ —_——
~PhSeBu.-PhLi —
hex hex hex hex

Scheme 19

2.1.2.3 Synthesis of 1-Silyl cyclopropyllithiums

By Selenium-Metal Exchange from 1-Seleno-1-silyl cyclopropanes

The selenium-metal exchange proved a valuable 7, reaction for the synthesis of
a-lithio cyclopropylsilane from o-methylseleno-a-silylcyclopropane and n-BuLi

(Scheme 20). This organometallic is in fact the first a-lithiated silane bearing two
alkylsubstituents to be prepared 7>, The starting a-silyl selenide is readily avail-

! cyclopropyl benzene has, however, successfully been metallated'®®,
They can, however be, prepared by halogen-metal exchange on 1-halo-1-vinylcyclopropanes!® 104
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SeMe SiMe; SiMey| ,§ , SiMes
1} BUli/THF, - 78°C nBuLi/THF -25°C R'C-R 1
1>< 2)MesSICL,-78°C to 20°C D( of tBuli/ether D( R
SeMe SeMe -so'c Li RZ
OH
R, R, yield
H Ph 75
H Pr 85
H H-hex 60
SeMe
H CH=CHPr 72
Me Non 40
H NMe, 80
Scheme 20

able, in the case of the parent compound, from 1,1-bis(methylseleno)cyclopropane
by a sequence of reactions which involves its reaction with n-BuLi in THF at —78 °C
and the silylation of the resuiting anion with chlorotrimethylsilane. It is interesting to
point out the different reactivity of a-silyl and w-selenocyclopropylselenides towards
alkyllithiums: the cleavage is slow and takes place at —45 °C with the silyl
derivative, whereas it occurs immediately at —78 °C with the selenoacetal. This
might reflect the different stabilization of the carbanionic centers by these two
different moieties.

By Sulfur-Metal Exchange from 1-Silyl-1-thio-phenyl-cyclopropanes

o-Silylcyclopropyllithium has been alternatively prepared by sulfur-metal exchange
from a-thiophenyl-a-silylcyclopropane and lithium naphthalenide 2 (LN) in THF
at —78 °C or with lithium 1-(N,N-dimethylamino)naphthalenide 8"’ (LDMAN) in
THF at —50 °C (Scheme 21 A). The latter conditions should be the preferred ones
since dimethylamino naphthalene can be recovered easily from the crude mixture
after further reaction simply by the addition of an acid to the medium. However,
at least once ®® an incomplete reduction of the carbon-sulfur bond using this
specific reagent was reported. Trapping of the anion with aldehydes leads ®'?, in the
case of the norcarane derivative, to only one stereoisomer, whereas a mixture of the
two stereoisomers is formed with the lower homologs 8. The required a-thiophenyl
a-trimethyl-silyl-cyclopropanes have been prepared in two different ways
(Scheme 21B) which involve either a) the silylation with chlorotrimethylsilane of
1-lithio-1-phenyithiocyclopropane prepared by metallation of phenylthiocyclopropane
with n-BuLi®, or by reductive cleavage of cyclopropanone bis(phenyithio)acetal
with LDMAN 89, or b) the sequential treatment of 1,3-di(phenylthio)propane with
two equivalents of n-BuLi and chlorotrimethylsilane ®'-%2.

By bromine-Metal Exchange from 1-Bromo-1-silylcyclopropanes

(a-Lithio cyclopropyl)silanes bearing alkyl substituents on the ring have been
conveniently prepared 7+"® by halogen-metal exchange from (x-bromo cyclopropyl)-
silanes and alkyllithiums (Scheme 22). The interest in this method lies in the accessi-
bility of the starting material which is prepared from geminal dibromocyclopropanes
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H
1) nBuLi/THF -78°C
D( 2) MegSicl 88, ref.82
SPh
SPh SiMe,
LD AMN -45°C  85% .
21 MezSiCt ref.tla
SPh SPh
85°
2eqnBuli/THF
PhS” " SPh Jhvesict ref.81a,82
SPh HDLDAMN -45°C SiMey
{ 2) Me,Sict ( ref.8la
" sPh N SPh
n=1,2:95,86%
1)BuLi-TMEDA NLOMAN
>=\-—SF'h 2) =<5P" >-b< 2iMegsicl W'Mea ref. 81
Scheme 21 B
R? R? R2
R B oL R\ siM R' ;
1)nBuLi/THF -110°C iMes npuLi 78°c Si Mey
R3 Br 2) Me3SicCt R3 Br -nBuBr Li
R R R3 Ré
A
Me Me Me SiMe R! R?
f SiMe, } SiMey (>< 3 SiMe; £
E E E
Me R3 Ré
A, A, A,
!
HO-C—-Dee 71% A, HO-CH(SeMe)Ph 599,
A, E*=R,CH=0< HO-C peut 66% HO—CH~-CH=CHPr 59%
HO—CH-CH=CH-Pr 72%
A { HO—CH pent 40%,
2 HOCHCH=CHPr 107,
A = DMF {CH=0 609, CH=0 60% CH=0 10%
refers to A, A, f\_a
Scheme 22
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by Br/Li exchange. The resulting a-bromo-a-lithio cyclopropanes have been further
alkylated with chiorotrimethylsilane (Scheme 23). The halogen-metal exchange on o-

H Ph bzOCH;
— H Br Br
Br Br
gr Br
1) nBuLi/THE
-95°C
2} Me4SiCl H Ph bz OCHZ
L H \><SiMe3 }><Br
Br Br SiMey
SiME3
80% yield 69% 75% {1: 1 mixture)
{97°% endo TMS) (87 cis Ph-TMS)
InBuLi/ THE H Ph
-g5°¢C H
R— H
21AcOH SiMey SiMe;
H
93° yield 78% yield
exo 73% trans 83%
endo 27% cis 17,
Scheme 23

bromo-a-silylcyclopropanes takes place ”’*7® even at —95 °C. Even at that tempera-
ture the anions are unstable, they do not retain their stereochemistry ® and lead
to the thermodynamically more stable derivatives (Scheme 23). It is interesting to
note that butyl bromide is concomitantly formed but does not interfere with the or-
ganometallic formed, which in fact is totally inert towards alkylhalides 7779,

2.1.3 Synthesis Involving Metal-Metal Exchange

There is very little information concerning o-metallo-a-seleno or a-silyl derivatives
with metals different from lithium. In two cases, however, an exchange of ligand
leading to a new species containing a copper counter ion has been reported.
These organocopper reagents have been used mainly to promote the allylation 3>
106,197 or the acylation "® of the cyclopropyl carbanions (scheme 24).

D<X 1} 8.5Cu1 -78°C - E {X

Li 2 ar ™~
X = SPh 90
= SeMe 70 *f

Scheme 24
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For example, a new peak is observed by 7’Se NMR (besides the ones of
a-selenocyclopropyllithium ') after addition, at —110 °C, of small amounts (~ 10 %)
of copper (I) iodide (Cul) or, better, Cul: SMe,-complex, which allows the formation
of homogeneous solutions. This signal grows against the one of the o-seleno
cyclopropyllithium when larger amounts of the complex are added, and is the only
one remaining after 0.5 eq. of Cul/SMe, has been introduced to the medium 1°9,

The novel species is stable even at —50 °C; a temperature at which analogous
compounds lacking the cyclopropane ring decompose to olefins !°® (Scheme 25).
No effort has been made until now to extend this last reaction to cyclopropyl
derivatives. Similar result have been observed with 1-lithio-1-thiophenylcyclopro-

R
R! SeMe 11Cul-SMe,-110°C /
+
R2><Li 2)-110°C to -20°C R>2 N2 (Z)+(E)

hex-CH=CH-hex <}:<:>

92°% 85°%,

Scheme 25

pane 16197 Both organometallics are allylated 1% 1°7) in much better yields than the
lithio derivatives (Scheme 24) and react much faster with allylhalides than with
carbonyl compounds.

Although, as already mentioned, alkylation of several a-lithio cyclopropylsilanes
failed 77-®, acetylation and allylation have been successfully effected ’® once lithium
dibutyl-cuprate (4 eq.) has been added to the THF solution kept at —48 °C
(Scheme 26).

Ph Ph
,: SiMe3 1)BuLi/THF-78°C L’E
Y 2)BuaCuli A

‘Br 3)E* SiMe,

E* =CH,COCL  E:CHaCO 52%

E* = BrCH;CH=CH; 77%
E:CHyCH=CH,

Scheme 26

2.2 Synthesis of Functionalized (1-Seleno) Cyclobutyl Metals

a-Selenocyclobutyllithiums have been prepared from 1,1-bis(seleno)cyclobutanes °”

and alkyllithiums in THF or in ether. These selenoacetals have been prepared from
cyclobutanones and selenols in an acidic medium 3% *7 (Scheme 27). The method
used for the synthesis of a-selenocyclobutyllithiums is identical to the one used for
the preparation of other a-selenoalkyllithiums, even those bearing two alkyl groups
or a cycloalkyl group on the carbanionic center 7. These a-selenocyclobutyllithiums
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0 SeR SeR SeR
RSeH SeR nBuLi/.THF Li Undeti-C!:hO Undec
ZnCly orsecBuli/ether 3 THF/-78°C OH
R R R R
Rr? r? R? R2
R, R, R*=Me R*=Ph
H H 89% 84, 909 (R=Me), 71% (Ph)
H Dec 87% 2% —
Me non 73% 69%, —
H pent 74%, —_ 71% (R=Me)
yield %
Scheme 27

have been reacted with various electrophiles, including chlorotrimethylsilane 3V,
Unfortunately, 1-seleno-1-silylcyclobutanes are not as good precursors of 1-lithio-1-
silyl cyclobutanes ° as 1-seleno-1-silylcyclopropanes are of 1-lithio-1-silyl cyclo-
propanes. Upon reaction with alkyllithiums, 1-methylseleno-1-silylcyclobutane leads
to a mixture of unidentified organometallics, including the desired one.

2.3 Synthesis of 1,1-Bis (Seleno) Cyclopropanes

The preparation of 1,1-bis(seleno)cyclopropanes is of primary importance, since they
are the precursors of o-metallocyclopropyl selenides #¢-87, o-metallocyclopropyl
silanes 77, and other functionalized a-metallocyclopropanes 3>, Although several
synthetic methods for selenoacetals have been described ), they are not general and
that step is often the limiting one for the whole process.

The reaction involves: a) the construction of the cyclopropane ring from a
selenoacetal or a selenoorthoester bearing a leaving group in the y position, or
b) the selenoacetalisation of a preexisting cyclopropane possessing the right oxidation
level at one carbon, such as 1-ethoxy-1-silyloxy cyclopropane or 1,1-dihalocyclo-
propane.

2.3.1. Syntheses Which Involve the Construction of the Cyclopropane Ring
2.3.1.1 By Metallation Reaction

The y-halogenoselenoacetals required for the cyclisation in the first approach
have been readily prepared #® from «, B-unsaturated aldehydes through a sequence

0 0 R seRr

RICH=CH R oL 1CH-CH, AH|—F" L picy CH,CH(SeR), —2=2 o
= Cofs |° T 2 ey, s &Rz
Ct Cl SeR

a R;=H R=Me MeSeH/HCl 809 LDA, THF 0 °C 70%,
b H Ph PhSeH/ZnCl,  75% LDA, THF, 0 °C 80
c H PhSeH/ZnCl,  75% 75 tBuOK,DMSO,20°C  90%
d  Prop Me MeSeH/ZnCl, 93% LDA, THF, 0 or 20 °C 007,
e  Prop Ph PhSeH/ZnCl,  75% LDA, THF, 0°C 7%
Scheme 28
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which involves addition of hydrochloric acid and selenoacetalisation of the resulting
B-chloroaldehyde by methyl- or phenylselenol in the presence of an acid catalyst 333
(Scheme 28). Excess of hydrochloric acid is often suitable for the synthesis of
methylselenoacetals, but its presence must be avoided for the synthesis of their phenyl-
seleno analogs 3°-8 (Scheme 28). This is a general feature, which has already been
disclosed and discussed *® for the synthesis of other phenylselenoacetals derived
from aldehydes. Cyclopropanation of the parent compounds has been routinely
achieved 35-89 with 2 equivalents of LDA in THF (Scheme 28). The reaction also
permits 3% the synthesis of a monoalkyl substituted phenylselenoacetal of cyclopro-
panone, but does not take place with the analogous monoalkylated methylseleno-
acetals, even when performed under more drastic conditions ** (LDA/THF-HMPT,
LiTMP/THF, or LiTMP-HMPT). This difference in reactivity between y-halogeno
substituted phenyl- and methylselenoacetals towards bases has also been observed
when they are reacted with potassium zerz-butoxide in DMSO. Under these conditions
the former produce the desired cyclopropane derivative 3 (Scheme 28c), whereas the
latter lead to a ketene selenoacetal 3% (Scheme 29). Presumably this reflects the different

SeMe
t BuOK /DMSO 80%
! R=H SeMe
|
CICH—CH,CH{SeMe),
SeMe

nBuli/THF 80%s

Prop

R=Prop

2i 680/40
Scheme 29 Isomers

acidity of the hydrogen linked to the carbon bearing the selenoacetal moiety in the
two different series of compounds. The action of n-BuLi on y-chloroacetals produces,
as expected, the selenocyclopropane via the intermediate formation of a-lithio-y-
chloro-alkylselenide (Scheme 29b). 1,1-Bis(Phenylseleno)cyclopropane has also been
prepared by Reich > on metallation with LDA of the monoselenoxide prepared
from 3-mesyloxy-1,1-bis(phenylseleno)propane (Scheme 30 h).

2.3.1.2 By Selenium-Metal Exchange

The second approach, which involves functionalized selenoorthoesters, is reminiscent
of the ones aready reported for the synthesis of thioacetals of cyclopropanone '~ 119,
It permits 3589 the synthesis of a-metallo selenoacetals bearing good leaving groups
such as a tosyloxy or a mesyloxy group in the y position (Scheme 30). The reaction
takes advantage of the high nucleophilicity of a-lithioorthoesters *¢~4% 2 or alpha-
lithioselenoacetals 46 ~*® towards epoxides, and takes place at 0 °C producing the
y-alkoxy selenoorthoesters ®® (Scheme 30a-g) or y-alkoxy selenoacetals 54)
(Scheme 30 h) by opening of the epoxide ring on the less substituted carbon atom.
The results are obtained 3® with ethylene oxide or with terminal epoxides which
react around 0 °C; the reaction with o B-disubstituted epoxides is more sluggish
(Scheme 30i). The synthesis of y-tosyloxy selenoorthoesters has been achieved *® by
reaction of the alkoxide or the corresponding alcohol with tosyl or mesyl chloride
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. R SeR SeR
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HO SeR SeR
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Scheme 30

(Scheme 30),

-78°C to 0*C SeMe

25% overall

and cyclisation to the selenoacetals of cyclopropanones was achieved by

treatment with n-BulLi in THF (Scheme 30). The carbon-selenium bond of the
functionalized orthoester is specifically cleaved at —78 °C but cyclisation of the
resulting o-lithio-y-tosyloxy selenoacetal takes place at a higher temperature (bet-
ween —350 °C and 0 °C).

Scheme 31

k Nasc OSiMe, SeR
OFEt 2Na/Ci5iMes 2RSeH/
D( ZnClp D( a
Ct OEt SeR
R =Me 60°%
Ph 30%
OSiMe; OSiMe; | H o seMe
_.< —22 .. - [>< LM . b
Zn{Et ), /ether Zall
Ef  OMe T OBt 2 Et SeMe
43%
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2.3.2 Syntheses Which Involve the Reaction of Selenols on a Pre-built Functionalized
Cyclopropane Ring

Another approach to the synthesis of the parent compounds involves >* the reaction
of l-ethoxy-1-trimethylsilyloxy cyclopropane prepared according to the Riihlman
method *!? and selenols, in the presence of zinc chloride (Scheme 31a). The reaction
is quite rapid with methylselenol 5 but much more difficult with phenylselenol % 3%
It takes a completely different course when an alkyl substituent is present on the
cyclopropane ring '¥. Surprisingly thus methylselenol cleaves **# the cyclopropane
ring of 1-ethoxy-1-trimethylsilyloxy-2-ethyl cyclopropane ™ on addition of zinc
chloride and lead '¥ to 1,1-bis(methylseleno)pentane by reductive selenoacetalisation
(Scheme 31b).

Finally the substitution of 1,1dihaloalkanes (available from dihalocarbenes and
olefins) by selenolates has been tested with moderate success '!®. The reaction
occurs in the presence of HMPT and leads to a modest yield of 1,1-bis(methyl-
seleno)cyclopropane on the condition that the starting material is not too highly
sterically crowded 1% (Scheme 32).

. Br SeMe SeMe Br

/E‘*CHB!'3 KO 20 J>< MeSeK/DMF /D( . P< .
Et Et Br Et SeMe gt H Ef Br
55% 5% 13%

Scheme 32

3 Reactivity of 1-Functionalized-1-Metallo Small Ring Compounds

The reactivity of a-selenocyclopropyllithiums has been studied and on several
occasions compared to that of their analogous a-thiocyclopropyllithiums or a-seleno-
cyclobutyllithiums.

a-Seleno- and a-thiocyclopropyllithiums as well as a-selenocyclobutyllithiums react
cleanly with primary alkyl halides 23557 (Schemes 16, 33), allyl halides 3% 10%-1°7
(Scheme 24), trimethylsilyl chloride 35 77 (Scheme 33), epoxides ****” (Scheme 33),
and with various carbonyl compounds such as aldehydes and ketones °7 7% 86:87.9%),
including o,B-unsaturated 3 or a-selenylated ones>Y, as well as with dimethyl
formamide 31117 o-Silylcyclopropyllithiums, which are less nucleophilic, do not react
with alkyl halides and, although they are cleanly hydroxyalkalkylated with aldehydes,
they enolise ketones and lead only to modest yields of alcohols 77-78-81.82),

3.1 Alkylation with Alkyl and Alklyl Halides, Epoxides, and Trimethyl silyl
chloride

Alkylation of a-selenocyclopropyllithiums and a-selenocyclobutyllithiums is efficient

only with primary alkyl bromides and iodides *-*-37. The best results are obtained

if the reactions are performed in THF, but in the presence of HMPT (Schemes 16, 33).
Under these conditions selenocyclobutyllithiums *”” lead to better yields of alkylated

3 for a similar result with phenyithio derivatives see reference ''¥
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products than their cyclopropyl > analogs and in the latter series methylseleno
derivatives proved often to be more reactive than phenylseleno ** or phenylthio-
derivatives 2 (Scheme 33).

In the case of 2-decyl-1-lithio-1-(methylseleno)cyclopropane and methyl iodide, the
alkylation leads to a 1:1 mixture of the stereoisomers > (Scheme 16), but it is
not known which of the alkylation or the lithiation steps is not stereoselective as
both stereoisomers of this cyclopropyllithium are formed. Trimethylsilyl chioride
reacts efficiently with a-lithiocyclobutyl selenides **’ and a-lithiocyclopropy! seleni-
des”” and produces the corresponding a-silyl selenides (Scheme 23). Trimethyl-
silyl-(methylseleno)cyclopropame was found ’” to be a powerful precursor of o-
silyleyclopropyl lithium which cannot be directly alkylated "®°#, as already mention-
ed.

Allylation of a-thio-*¥, a-seleno- 3% and a-silyl- **7” cyclopropyllithiums was not
very successful > but addition at —78 °C of 0.5 equivalent of copper (1) iodide-
dimethylsulfide complex 35196 1*7) prior to the allylhalide leads *** 1% %7 to a very
high yield of homoallyl cyclopropyl sulfides or selenides (Scheme 24). Similar
observations have been made on cyclobutyl derivatives®>. It is not clear at
present whether a cuprate is involved in the process but we have evidence
("Se-NMR) that a new species is transiently being formed, at least in the seleno
series. The synthesis of homoallyl cyclopropylsilanes was also reported " and in-
volves the allylation of a postulated cuprate formed by the addition of lithium
dibutyl cuprate to a-lithiocyclopropylsilane (Scheme 26).

a-Selenocyclopropyl- and a-selenocyclobutyllithiums react with terminal
epoxides 3% 57 regioselectively at their least hindered site. The best results are obtained
in THF. Use of HMPT as the cosolvent must be avoided since B-hydroxy selenides,
arising from the ring opening of the epoxide by selenolate ions, are concomi-
tantly formed % besides the expected y-hydroxy selenides. These B-hydroxy selenides
presumably occur by decomposition of the a-cyclopropyl selenide. However, we have
never observed *® the allene expected to be concomitantly formed by decomposi-
tion of the cyclopropylidene.

3.2 Hydroxy Alkylation with Carbonyl Compounds

a-Selenocyclopropyllithiums 35 66:86:87:9% and g-selenocyclobutyllithiums %7 proved

particularly nucleophilic towards carbonyl compounds (Schemes 15, 27, 34). This
aptitude is similar to that of a-phenylthiocyclopropyllithium ™ (Scheme 34) but by
far superior to the one of a-trimethylsilyleyclopropyllithiums 777580, especially
when ketones are involved (Schemes 20, 21 A, 22,). It is interesting to note that the
intermediary B-alkoxysilane is much less prone to decompose to olefins through a
Peterson elimination reaction 77*788Y than the analogs lacking the cyclopropane
ring 118120 This is probably due to the strain expected to be introduced in the
process. (2,2-Dimethyl-l-potassio-cycloprcpyl)phenylselenone formed in situ with
potassium tert. butoxide in the presence of benzaldehyde leads” directly to a
mixture of the corresponding oxaspiropentane and cyclopropyl phenyl ketone
(Scheme 14). This probably arises by internal substitution and hydride migration on
the (B-alkoxycyclopropyl)phenylselenone transiently formed. This result ¢7, although
limited at present to only one case, shows again '>'* the high propensity of the
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selenonyl group to act as a particularly good leaving group; it resembles the ones
already reported by Seebach " on the corresponding bromo derivative. Unfortuna-
tely no information is available at present on the nucleophilicity of (1-metallo-
cyclopropyl)phenylselenones towards carbonyl compounds.

1 R?

R X % X
G il
n Li ny R
OH
n=240 n=1
R, carbonyl compound condition SeMe SePh SPh  SeMe SePh

a H benzaldehyde THF 78 80 80 — —
b H undecanal THF 72 72 —_ 0 71
¢ H cyclohexyl carboxaldehyde THF 73 63 — e —
d H undecanone-2 THF 54 — — 78 70
€ ether 69 — —_ — _
f H di-(n hexylketone THF 93 86 — — —
g H deoxybenzoin THF 56 61 63 68 —
h ether 70 — — - —
i H 2,2,6-trimethyl cyclohexanone THF 47 35 45 54 —
j ether 64 — — 68 —
k H 2-cyclohexanone THF 86 — — — 88
1 prop  acetone THF — 58 — e —
m ether — 60 — — —
Scheme 34

a-Selenocyclopropyl- and cyclobutyllithiums are able to be hydroxyalkylated by
various carbonyl compounds including highly hindered ones, such as 2,2,6,6-tetra-
methyl cyclohexanone, or highly enolisable ones, such as deoxybenzoin (Scheme 34).
In a separate study we have tried to compare the relative nucleophilicities of -
(phenylseleno)cyclopropyllithium, its methylseleno, and its phenylthio analog
towards three different carbonyl compounds, namely benzaldehyde, deoxybenzoin
and trimethylcyclohexanone in the different solvents in which they can be prepared.

Competitive experiments have been made > in THF at —78 °C with benzaldehyde
and 5 molar equivalents of phenylthiocyclopropyllithium and 5 equivalents of one of
the two seleno derivatives. Recovery of equal amounts of the p-hydroxysulfide and
the B-hydroxyselenide leads to the assumption that these derivatives possess similar
nucleophilicities, at least towards this aldehyde.

Similar yields of B-heterosubstituted alcohols have been observed 3% with deoxy-
benzoin and 2,2,6-trimethylcyclohexanone for all three heterosubstituted lithio deriva-
tives if the reactions are performed at —78 °C in THF (Scheme 34 ¢, i), whereas the
best results are obtained when (methylseleno)cyclopropyllithium is reacted at the
same temperature but in ether instead of THF (Scheme 34h, j)). This is probably due to
a reduction of the degree of enolisation of the starting ketone when ether is
used ®7. This is a tendency which proved to be general for other a-selenoalkyl-
lithiums 7-% %12

As a general trend, a-seleno- and a-silyleyclopropyllithiums have a very large
tendency to add on to the carbonyl group of a-enals and a-enones. They share this
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tendency with other cyclopropyllithiums. This can be explained by the hardness of
a-cyclopropyl metals *22, 1-Lithio-1-seleno-cyclopropane reacts quite exclusively on
the carbonyl group of S-iodopentane-2-one, whatever the solvent used, but the
nature of the product is very dependent upon the solvent: a y-iodo alcohol is
formed after hydrolysis if the reaction is performed in ether ¥ whereas cyclisation
of the intermediate y-iodo alkoxide leading to a furan is produced if the reaction
is performed in THF 3% (Scheme 35). 1-Seleno-3"), 1-thio-3", and 1-silylcyclo-

SeMe
ether
i
SeMe 0] OH .
« Ao~! 44%%
Li SeMe
THF
Scheme 35 56°%

propyllithiums 77 react with o-selenoaldehydes and lead predominantly to one of the
possible stereoisomers of B-hydroxy selenides, whose stereochemistry can be
be predicted 12¥ on the basis of Cram’s 12 or Felkin’s ?* rules. Finally a-seleno- "
and a-silylcyclopropyllithiums 77, as well as a-selenocyclobutyllithium 3, have been

SeR O SeR
1l THF
+HC-NMeyg ——

M\ CIn\cH=0
R n=18 n=2 5717
Me 80%, 78°
Ph 4% 72°6

SeR THE SeR

K oo 1 <X

Li COH
R n=2351
Me 78 °f
Ph 88 %

Scheme 36

successfully reacted with DMF and carbon dioxide and produce, after acidic
hydrolysis, the corresponding formylcyclopropanes 37 or formyl cyclobutanes >,

or the corresponding carboxylic acids ** (Scheme 36).
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4 Reactions Involving the Removal of the Selenenyl or the Silyl Moiety
from a-Seleno and «-Silyl Cyclopropane and Cyclobutane
Derivatives

1-Heterosubstituted cyclopropylmetals are valuable building blocks in organic syn-
thesis, whereas 1-heterosubstituted cyclobutylmetals are practically unknown. Not
only do these species introduce the heteroatomic moiety when they react with
electrophiles, but they concomitantly introduce a strained cycle, which can release its
strain under suitable conditions. a-Halocyclopropyl metals 72~7%, cyclopropylidene
(triphenyl-phosphorane) 869 cyclopropylidene(diphenylsulfurane) 6 762), [-thio-
cyclopropyllithiums 7*- 7% and l-isocyanatocyclopropyllithium %8:69) have been
used to perform, often with greater difficulty, the transformations already possible
with other members of the series missing the cyclopropane ring. This is the
case for the synthesis of allylidene cyclopropanes from phosphorus ylides 3 6%
or from o-halocyclopropyl metals '26-'2". This is also the case for the syn-
thesis of oxaspiropentanes from cyclopropylidene diphenylsulfurane %V, diazo-
cyclopropane *¥ and from a-halocyclopropyl metals V. a-Heterocyclopropyl metals
have also permitted original syntheses which utilize the strain present in the
cyclopropane ring such as the synthesis of allenes 22139 (g-halogeno derivatives)
or cyclobutanones (x-halogeno 7!, a-thio !1:62: 131134 derivatives). a-Heterosubsti-
tuted cyclobutyimetals were almost unknown and therefore they have not been
involved in such strategies. It must however be pointed out that oxaspirohexanes
usually prepared from alkylidene cyclobutanes have been used for the syntheses of a
few cyclopentane derivatives (see below). It is the aim of this section to provide
information relative to their selenenyl and silyl counterparts which was quite unknown
six years ago:
a) to show that a-seleno- and a-silylcyclopropyllithiums, as well as a-selenocyclo-
butyllithiums, permit a large array of transformations, including original ones,
depending upon the electrophile used and the nature of the reagent applied to the
resulting compound.
b) To compare these transformation to the ones already described which use other
heterosubstituted small ring compounds.
¢) If unknown, to try to perform the reactions with their thio or halogen analogs.
Most of the work presented will be on the parent compounds because they are the
more accessible ones. It could be extended to analogs bearing substituents on the
cycloalkyl ring but this has not yet been done in all cases. Several transformations
which will be reported have been previously performed on analogous compounds
lacking the cyclopropane ring (see Sect. 1) but were unsuccessful when applied to the
specific case of cyclopropyl derivatives. Original reagents and solutions have been
found at this occasion in several instances and proved to be very useful and very
efficient for those compounds lacking the cyclopropane ring.
a-Selenocyclopropyllithiums have been used, inter alia, for the synthesis of
alkylidene cyclopropanes *#% 7787 vinyl cyclopropanes !:36:37:7 cyclobutano-
nes *87 and allylidene cyclopropanes 77-106-107) including functionalized ones.
a-Selenocyclobutyllithiums have been used for the specific synthesis of cyclobu-
tenes °” and alkylidene cyclobutanes 37, including functionalized ones, as well as
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oxaspirohexanes 7 '** and cyclopentanones '** 13%), The strain present has been used
for the specific synthesis of dienes 3", including functionalized ones from cyclobu-
tenes, and for the synthesis of cyclopentanones from cyclobutanones '*1%%.
a-Silyleyclopropylithiums have been used for the synthesis of alkylidene cyclo-
propanes 7778812 allylidene cyclopropanes’7-7® 81139 vinyl cyclopropanes 66,
136-138) and cyclopentenes 137138,

4.1 Syntheses of Alkylidene Cyclopropanes and Alkylidene Cyclobutanes

The synthesis of alkylidene cyclopropanes and cyclobutanes involving seleno
compounds has been achieved via three different routes which involve
a) the formal elimination of the selenenyl moiety and a proton from I-alkyl-1-
selenocycloalkanes 257);
b) the formal elimination of the selenenyl moiety and hydroxyl group from B-
hydroxy selenides *7-%7;
¢) the rearrangement of 1-selenoxy-1-vinylcyclopropanes and analogous selenonium
ylides, which produces 3-hydroxy- or 3-seleno-1-alkylidene cyclopropanes 45) respec-
tively.

Their synthesis from 1(1-silyl)cyclopropyl carbinols 77 " #! which is closely related
to the methods just presented will also be reported in (Section 4.1.2.1.2).

4.1.1 Syntheses of Alkylidene cyclopropanes and Alkylidene cyclobutanes
by Formal Elimination of a Selenenyl Moiety and a Hydrogen

4.1.1.1 Syntheses of Alkylidene cyclopropanes from 1-Alkyi-1-selenocyclopropanes

Synthese of Alkylidene cyclopropanes Via the Selenoxide Route

The synthesis of olefins by oxidative elimination of selenides is one of the most
versatile and useful methods in selenium chemistry '~ 112 The reaction usually
takes place at room temperature with phenylseleno derivatives by simple addition of
hydrogen peroxide in THF -water, sodium periodate in alcohols, or on reaction with
ozone. Although the synthesis by this route of 1-cyanocyclopropene from 1(phenyl-
seleno)-1-cyanocyclopropane has been reported %, the cyclopropane derivatives
bearing an alkyl group and a seleninyl moiety in geminal position are, as expected,
more reluctant to deliver an olefin. Phenylselenoxy derivatives readily available by
ozonolysis of the corresponding selenides, decompose very slowly at 110 °C in toluene
to produce 2>%¥ (if triethyl amine as a selenic acid scavanger is present) less than
33% of alkylidene cyclopropanes after 30 hrs (Scheme 37). It is impossible to
assess at present whether the hydrogen removed during the elimination reaction is the
one originally present on the alkyl chain or if the reaction takes place in the ring,
leading first, by removal of the more acidic hydrogen, to an alkyl cyclopropene
which then rearranges to the expected more stable alkylidene cyclopropane.

o]
SePh SePh
03 toluene,
_____.___..I D=
Nonyl W D</Nonyl NEtg/110°C,30h Nony!

Scheme 37 33%
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Methylselenoxy analogs are even more difficult to react and treatment of the
corresponding methylseleno derivative at 80 °C with terz-butyl hydroperoxide/basic
alumina (conditions which proved particularly efficient for the synthesis of terminal
olefins from methyl selenides bearing a methylseleno group at the terminus of the
alkyl chain 7% 2, which are more difficult to react) as expected *® does not
lead 33 to the desired alkylidene cyclopropanes but to low yields of cyclobutanones
resulting probably from the well-known 4% reaction of ters-butyl hydroperoxide
with the alkylidene cyclopropane formed transiently %,

Syntheses of Alkylidene cyclopropanes Via the Selenonium route

The selenonium route proved to be more valuable. It has been specifically
designed >* by us to replace the deficient selenoxide route (Scheme 38). It was
expected to produce alkylidene cyclopropanes by a mechanism which mimics the
selenoxide elimination step but which involves a selenonium ylide in which a
carbanion has replaced the oxide. Cyclopropyl selenides are readily transformed ¥
to the corresponding selenonium salts on reaction with methyl fluorosulfonate or
methyl iodide in the presence of silver tetrafluoroborate in dichloromethane at
20 °C and, as expected, methylseleno derivatives are more reactive than phenyl-
seleno analogs. Alkylidene cyclopropanes are, in turn, smoothly prepared on
reaction of the selenium salts at 20 °C with potassium fers-butoxide in THF 2%
(Scheme 38). Mainly alkyl cyclopropenes form at the beginning of the reaction. They
then slowly rearranges, in the basic medium, to the more stable alkylidene cyclopro-
panes 1417149 (<6 kcal/mol). In some cases the complete isomerisation requires
treatment of the mixture formed in the above reaction with potassium ters-butoxide in
THF. The reaction seems to occur via a selenonium ylide rather than via a B-elimina-
tion reaction promoted by the direct attack of the rert-butoxide anion on the
B-hydrogen of the selenonium salt, since it has been shown in a separate experiment 2
that the reaction does not occur when a diphenylselenonium salt (unable to produce
the expected intermediate) is used instead of the phenyl-methyl or dimethyl selenonium
analogs. It has also been found that the elimination reaction is the slow step in the
process, since styrene oxide is formed if the reaction is performed in the presence
of benzaldehyde which traps the ylide intermediately formed 39,

A similar reaction takes place with phenylthio derivatives and therefore the
alkylidene cyclopropanes can be prepared (Scheme 38) from cyclopropanone-seleno-
acetals or cyclopropyl-phenylsulfide in reactions which involve
1) reaction with n-BuLi which produces the a-heterosubstituted cyclopropyllithiums
which are further alkylated with primary alkylhalides;

2) the alkylation of the resulting selenides or sulfides with a methylating agent and
further treatment with potassium rers-butoxide of the selenonium/sulfonium salt.
It should be recalled that the reaction does not work with secondary alkylhalides
and that the methylseleno derivatives offer the advantages over the others of the
volatility of the byproduct dimethyl selenide formed concomitantly. This permits
the facile purification of the olefin produced. This type of reaction has been
successfully adapted, with minor changes, to the preparation 35196197 of allylidene
cyclopropane; a valuable diene in Diels Alder reactions 1°7 (Scheme 38). The o-
heterosubstituted cyclopropyllithiums have been allylated in high yields with allyl
halides, on the addition of a copper (I) iodide dimethylsulfide complex to the
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medium. The selenonium/sulfonium salts have been prepared as described above
106,107 but now the elimination of the selenide/sulfide is easier due to the presence
of an extra double bond. Thus potassium hydroxide in DMSO is strong enough
to provide 106197 excellent yields of the allylidene cyclopropane (Scheme 38) the
reactivity of which will be discussed in Sect. 4 .4.

4.1.1.2 Syntheses of Alkylidene cyclobutanes from 1-Alkyl-1-selenocyclobutanes

Both the selenoxide and the selenonium ylide routes have been applied to
cyclobutyl derivatives, themselves readily available 5’ from selenoacetals of cyclo-
butanones on one hand and primary alkyl halides, epoxides, or carbonyl compounds
on the other.

Syntheses of Alkylidene cyclobutanes Via the Selenoxide Route

The selenoxide route which was particularly inefficient with cyclopropyl derivatives
in this case proved suitable. The reaction is completely regioselective in the case of -
hydroxy selenides, which produce exclusively the allyl alcohols possessing the endo-
cyclic double bond (Scheme 39) 37, whereas a mixture of endo and exo olefins is

0
\ OH
RSe 9  RSe g SeR o R sor Lr
d.L',____.R ~C-R [j_ <.Rzﬂ2’*_.. 2 __—.I:RLRZ_‘_SM:_.ijZ
A0 HF R
OH OH Z
A B £ b
R R, R, A* C* D+
Ph H Decyl 719, 70% : 15%
Me H Decyl 9% 70%  15%
Ph Me nonyl 70%, 76% . 85%
* refers to the yields
Scheme 39 CI)
SeR
LBuOsH-A LD
a THF,50°C.3h Oct
SeR SeRO R=Ph33°% :t 33%
Li get-cHy! |j\/ ct 7 oc
THE-HMPT I:]/_ "j/\o‘:t
-78*to 0°C °
80°% _CHZ K’ R=Me 7% : 68°%
|
Se-R
b 1IMel-AgBF, Oct 180°C
2)KOH/THF 20°C
oct
J
Scheme 40 100
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formed (often with a predominance of the exocyclic one) when applied to 1-alkyl-1-
selenoxycyclobutanes 37 (Scheme 40a) and to 1-(seleno)-1-(2"-hydroxyalkylcyclo-
butames 5" (Scheme 41a). Since cyclobutenes are more stable than alkylidene

b
t BuOpM- Aoy +SeMe R
THF 50°C .30 R sfMel,CH-CH,
OH 0% 5%
SeMe R SeMe - - R R'
. R 7
A oy, -or
OH — — OH OH
CH;
1} Mel i
R'= hex 72%0 \2a)tBuOKDMSD|  +SeMe 3
QIRl=H - 60 %
Rl= (Mel,CH-CH,  73% bJ1BuOK-DMSO o) R1fel CHCH, — 65°%
¢}KH-DMSO O- ¢} RixMelzCHEH — 77%
1 R!
R'= hex or ‘j/\r 180°C
Rl= iMelCHCH, 2 o
{Ipsenol}
100%
Scheme 41

cyclobutanes 19, these results suggest that these reactions are, at least partially,
under kinetic control.

Syntheses of Alkylidene cyclobutanes Via the Selenonium Route

Much greater regioselectivity in favor of the endocyclic isomer is observed when the
selenonium route is used 37 (Schemes 40b, 41b). This is probably due, although no
experimental proof has been given, to an isomerisation which takes place concurrently
during the process and which is known *¢7'3% to favor the formation of the
endocyclic isomer. The presence of a hydroxy group in the y position leads
exclusively to the cyclobutene derivatives. This high regioselectivity can be explained
by the removal of the cyclobutyl hydrogen, which occurs under kinetic control,
by an intramolecular assistance of the alkoxide anion, thus promoting the elimination
reaction through a favorable six-membered cyclic transition state ***>7 **!, or by en-
hancing the speed of the isomerisation reaction *®. This reaction has been used
for the connective synthesis of cyclobutenes, including functionalized ones, from
cyclobutanones and, since cyclobutenes are thermally labile '5271%%), it has permitt-
ed 57 a powerful entry to the regioselective synthesis of 2-substituted butadiencs
(Schemes 39-41). These are not readily available from 2-metallobutadiene and an
electrophile, due to difficulties encountered in the synthesis of this organometallic
intermediate. In our approach, «-selenocyclobutylithiums, available from cyclobu-
tanones, play the role of masked 1-metallo-1-cyclobutenes or of 2-metallobutadienes.
This strategy has been efficiently applied to the synthesis of dl Ipsenol®”
(Scheme 41), an aggregative pheromone of Ips Barkae. Theoretically, it should provide

34



Synthesis and Synthetic Applications

an elegant synthesis of the optically pure Ipsenol since the chiral center present
on the epoxide should not be touched in the process.

4.1.2 Syntheses of Alkylidene Cyclopropanes and Cyclobutanes by formal Elimination
of a Hydroxyl Group and a Heteroatomic Moiety

The methods discussed above, although efficient, possess important limitations.
They do not permit, for example, the synthesis of tetrasubstituted alkylidene
cyclopropanes due to the unavailability of the starting selenides, the alkylation of
a-selenocyclopropyllithiums with sec-alkylhalides being not feasible at present.

4.1.2.1 Syntheses of Alkylidene cyclopropanes

Syntheses of Alkylidene cyclopropanes from B-Hydroxyalkyl selenides

In general, B-hydroxyalkyl selenides are powerful precursors to olefins. The reaction
is usually carried out 472112 by simple mixing of the selenium derivative with
thionyl chloride, mesyl chloride, phosphorus oxychloride, and trifuoroacetic anhydride
in the presence of triethylamine and already takes place at 20 °C. It probably
involves ¥ the selective transformation of the hydroxyl group of B-hydroxy
selenides to a better leaving group, which is followed by the formation of a seleni-
ranium ion. This further loses the selenenyl moiety by the attack on the selenium
atom of the counter ion or of the triethyl amine acting as a nucleophile and
produces the olefin. The reagents reported above have been used without problems
for the synthesis of several alkylidene cycloalkanes #~% 11:12_ including alkylidene
cyclobutanes *”, but proved quite inefficient for the preparation of the cyclo-
propylidene analogs 87. It was expected that alkylidene cyclopropanes would be more
difficult to prepare than higher homologs, due in particular to the strain in-
troduced 4714 during the transformation and present in the olefin (Scheme 42).
Side reactions may also occur, due to the high reactivity of such strained olefins
towards the species present in the reaction medium and also due to the well-known
propensity of cyclopropylcarbinols to rearrange to cyclobutyl 7% %% or/and to ho-
moallyl 166267 derivatives when the hydroxyl group is transformed to a better
leaving group. In fact, the reagents reported above are not convenient for the syn-
thesis of alkylidene cyclopropanes from B-hydroxyselenides. It was also found that
the substitution on the carbon bearing the hydroxyl group has a great influence on the

> D= >

ring strain 27 41 53 kcal/mole

tBuOK-DMSO l_)__l(
_touor-Mse
P ———
( {

147,164

n n
n 1 2 3 4
relative rate 1070 454 1 5.8 6
endo/exo+endoratic 86 99.91 99.6 98.7

at the equilibrium

Scheme 42
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nature of the products formed. Those bearing a tertiary alcohol functionality lead
to l-seleno-1-vinylcyclopropanes in reasonable yield when thionyl chloride/triethyl-
amine is used 3" and to low yields of the alkylidene cyclopropanes on reaction
with phosphorus oxychloride/triethylamine *>, whereas several unidentified products
are obtained from those bearing a tertiary alcohol, functionality what ever the
reagent used 37,

Phosphorus triiodide or diphosphorus tetraiodide/triethylamine at 20 °C(Scheme 43)
carbonyl diimidazole or thiocarbonyl diimidazole/toluene at 110 °C, {Scheme 44)
however, cleanly provide 37 alkylidene cyclopropanes from methylseleno derivatives.
The best results are obtained with the first reagent for those (B-hydroxy-alkyl-
methylselenides derived from aldehydes (Scheme 42) whereas PI,/NEt; works parti-

SeMe 0 SeMe R!
1 il 2 ether 1 Pl3/NEts -
[>< + R=C-R or THF R. T cHcl, [ : 2
Ui R? R
! OH
" Me Ph Ph
1>=< [>=< D=<_¢n b <Ph
Dec non
7230 55" 65 64%75 70%,75 90%74
Scheme 43

* The first number refers to the yield in B hydroxyselenide, the second to the yield in alkylidene
cyclopropane
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A B
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a Me Dec H S 31 51
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c Me Ph H O 70
SePh
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e Me [ o =
f Ph Dec H 0] 00 55
g Ph Ph H o 30
h Me Non Me o] 33
Scheme 44
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cularly well for those derived from ketones (Scheme 43). The nature of the
substituent linked to the selenium atom also has a great influence on the success of
the transformation, the methylseleno derivatives being much better precursors of
alkylidene cyclopropanes than their phenylseleno analogues. The strategy described
for the synthesis of alkylidene cyclopropanes from carbonyl compounds is very
efficient and compares very well with other methods, such as the Wittig reaction
introduced in this specific field by Bestman 3. It permits 37, inter alias, the synthesis
of alkylidene cyclopropanes derived from highly enolisable carbonyl compounds
such as deoxybenzoin or from quite hindered carbonyl compounds such as
2,2,6-trimethylcyclohexanone (Scheme 43), which do not seem to be available by the
Wittig reaction. The higher aptitude of 1(1-methylseleno)-1-(2'-hydroxyalkyl) cyclo-
propanes compared to their phenylseleno analogues to produce alkylidene cyclo-
propanes has been used for the selective (100%) synthesis **’ of 1-(1-phenylseleno)-1-
(1"-cyclopropylidene) cyclopropanes from 1-(1-phenylseleno) cyclopropyl 1-(1-methyl-
seleno) cyclopropyl carbinols (scheme 44d).

On the other hand, as already pointed out 1-(1-seleno)-1-(2'-hydroxyalkyl) cyclo-
propanes are much less pronte to produce olefins than their open chain analogues
(Scheme 45). This particularity has been used, as it will be shown in Sect. 4.2.2
(Schemes 59, 60) for the synthesis*" of 1(1-seleno)-1-vinylcyclopropanes from
{-(1-seleno)-1-1'hydroxy-2'-selenoalkyl) cyclopropanes.

This difference in reactivity is particularly significant since 1-(1-methylseleno)-1-
vinylcyclopropanes are formed even®" from 1-(1-methylseleno)-1-(1’-hydroxy-2'-
(phenylseleno)alkyl)cyclopropanes (Scheme 45b, f): for the first time the phenyl-
selenenyl rather than the methylselenyl moiety is removed in the process.

SeR

D< nBuli _ R=Me 80%
2)DMF N
SeR R=Ph 74°% ,
SeR R SeR SeR' SeR 2
RI—c—Li RZ Py, R
R'Se RY CHyCh20¢
CH=0 ' R!
SePh OH
R=Ph 66°%

4 A B

CN

R R’ R, R, A B

a Me Me H hex 96% 939% (55)*
b Me Ph H hex 63% 81% (70)
¢ Ph Me H hex  86% 80% (55)
d Ph Ph H hex 899% 91Y% (80)
e Me Me H Ph 95% 72% (68)
f Me Ph H Ph 75% 78% (75)
g Me Me Me nonyl 42% 969, (55)*
%1 Me Me hex hex 81% 90
i Ph Ph —(CH,),~ 72% 92

* Tht?se numbers refer to the percentage of the major isomer the stereoisomer
assignement has not yet been achieved
Scheme 45
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These 1-seleno-1-vinylcyclopropanes have proved especially useful, inter alia, for
the synthesis of allyl alcohols where the carbon-carbon double bond is part of an
alkylidene cyclopropane 4% and for the preparation of allylidene cyclopropanes *%,
(see page 52).

The novel reagents which have been introduced for the synthesis of alkylidene
cyclopropanes from (B-hydroxyalkyl) methylselenides proved particularly efficient
for the synthesis of a large variety of olefins, including other alkylidene cycloalkanes® .
Pl, or P,I,/NEt, are also to transform (B-hydroxyalkyl) sulfides to olefins!'®®- 1%
but instead lead'’” to a stable 1-(1-phenylthio)-1-(iodomethyl) cyclopropane starting
from 1-(1-phenylthio)-(hydroxymethyljcyclopropane (scheme 46) The reaction of

SPh SPh
Pz!é.CHzclz
OH 55°C, Z24h I
Scheme 46 62%

PI,/NEt, with I-(I-methylseleno)-(1"-hydroxy-2'alkenyl)cyclopropanes takes a dif-
ferent course. The jodide ion attacks the cyclopropane ring and produces®”’ the
unstable diene bearing a primary alkyl iodide (scheme 47a). Similar behavior of PI,
was also observed”” with 1-(1-silyl)cyclopopyl carbinols (Scheme 47b)

SeMe SeMe
Pi3/ NEt3 SN g R
a R CHaClp, 20°C I
OH 50 °/
R: Prop, Ph
SiMes StMes
Ply/NEt
b Dec 3 3 I AN
CH,Cly, 20°C 67
L]
OH

Scheme 47

Synthesis of Alkylidene and Allylidene cyclopropanes from 1-(1-silyl) cyclopropyl
carbinols

The synthesis of alkylidene and allylidene cyclopropanes reported in this section
takes advantage of the availability 7+ 788! 82 of 1-(1-silyl) cyclopropyl carbinols from
o-lithio cyclopropylsilanes and carbonyl compounds. It, however, suffers from the
sometimes modest yields obtained when ketones are involved (Schemes 21a, 47)in the
Peterson olefination reaction 7778812 (Schemes 21, 48). This reaction seems much
more difficult to achieve than when straight-chain analogs are involved and resembles
the cases of allenes 21 and chlorocyclopropenes 12 reported by Chan. For example,
thionyl chloride alone is not suitable for that purpose 77.136) put further addition of
tetra-n-butylammonium fluoride (20 °C, 15 hrs) leads to the formation of undecylidene
cyclopropane 77-13®) in 46% yield from the corresponding 1-(1-silyl)cyclopropyt
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R R RZ , ]

R' SiMe; npuLi/ R! SiMey R5-2-R5 R SiMe3  yethod & R Rs

R X TAF r3 Li " R3 Eé or Method B~ R3 R
R4 R4 R% OH R4

X =Br, SeMe*

RB
1 Pent (}_/ non
Me
85,A:0,B:46 70,A:0 -,Azoverall 56 RE-Pent 40,A00 40,A=88
(7m* (77) {78) (77) (77"
R®=Ph -,A overall 55
(78)

Prop

72,A:76(77) 58:A:71 (77) - A5 overall(78) - A6 overull (78)
Method A : KHJTHF ,Method B : 1)soc12/Net3 2) BuN'F~
Scheme 48

informations below formula refer to the yield in p hydroxysilane, method used for the olefination reac-

tion yield of this step or overall yield (reference)

*+ except these to olefins which have been obtained from 1l-seleno-1-silyl-cyclopropane the olefins
have been prepared from 1-bromo-1-silylcyclopropane.

carbinol (scheme 48) or of dicyclopropylidene ethane '*%) in 769 yield (Scheme 49).

The transformation of 1-(1-silyl)cyclopropy! carbinols to alkylidene cyclopro-
panes is not efficiently achieved with KH in THF 77-81:136) ypder conditions usually
used for straight chain analogues. The results are unpredictable; the yields in alkyli-
dene cyclopropane being often very low ?” but in some cases very good too "
(Schemes 21 A, 48). Better yields are however, observed, when the reactions are per-

SiMej SiMej SiMe;
TiClyLi SiMe; MceBA 0. SiMeg DnBuNF
OME . A NaHCO; THF,55°C
CHO CHaCLR0%C
38°% 86°%
OH
SiMe; _soc, _ SiMe,
Etzo [ R :; [ R<;
81% 85°% n-Bu,NF/DMSO, 20°C 90%
KH/DMSO 0%
Scheme 49
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formed in diglyme of 90 °C, on the other hand the reaction seems to be more facile,
when applied to 1-(1-silyl)cyclopropyl carbinol derived from ketones or o, f-unsaturat-
ed carbonyl compounds 77> 7® (Scheme 21a, 48).

4.1.2.2 Syntheses of Abkylidene Cyclobutanes

The - synthesis of alkylidene cyclobutanes from 1-(-seleno) cyclobutyl carbinols
is much more facile than of those bearing a cyclopropyl moiety. It resembles the
transformation of other (B-hydroxyalkyl) selenides to olefins 7 ~2+11:12),

Synthesis of Alkylidene Cyclobutanes from 1-( 1-Seleno) Cyclobutyl Carbinols and from
1-(1-Hydroxy}-1-( I'-selenoalkyl) Cyclobutanes

The synthesis of alkylidene cyclobutanes from 1-(1-seleno) cyclobutyl carbinols is
much easier than the one reported for analogous compounds with a cyclopropyl group
and readily occurs on their reaction with a large variety of reagents 7~ *1-1%) especially
PI; at 20 °C or carbonyl diimidazole at 110 °C (Scheme 50k) Alkylidene cyclobutanes
have also been prepared on reaction of 1-(1-hydroxy)-1-(1’-selenoalkyl)cyclobutanes

1
SeR SeR R

RSeH aBull ri¢-gr2 2 PI3INEty [:%\
¢ ZnCiy []<SeR THE © D<L; - Re = Rr2
OH
A B

0

S!eMe M Dec
b Dec-CHLi —-«-d’{ Fla/NEty {:(\Bec

SeMe 1

SeMe

71%, 93°%,
R* R, A, yield 2, condition B, yield %,
H octyl Y% Im,C=0, Toluene 91%,

110 °C
H octyl 909, PL,/NEt,, CH,C], 70

20 °C
Me nonyl 8% PL,/NEt,, CH,Cl, 879%

20 °C

* refers to reaction a

Scheme 50

with the same reagents (Scheme 50b). Both B-hydroxyalkyl selenides are available
from two carbonyl compounds, one of them being a cyclobutanone. In the first case,
the cyclobutanone is transformed to the corresponding selenoacetal (Scheme 50a),
whereas in the second one it is reacted with an a-selenoalkyllithium (Scheme 50 b).

Synthesis of Alkylidene Cyclobutanes from 1(1-Silyl ) Cyclobutyl Carbinols

The reactions reported for the synthesis of alkylidene cyclopropanes from 1-(1-Silyl)
cyclopropyl) carbinols do not apply to the whole series of alkylidene cycloalkanes but
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seem at present to be restricted to cyclopropyl derivatives’”. The other approach in-
volving a (B-hydroxyalkyl) silanes/derived from the reaction of an (a-metalloalkyl)
silane and a cyclobutanone does not seem to have been described.

4.2 Syntheses of Vinylcyclopropanes

The mutual interaction between the carbon-carbon double bond and the cyclopropane
ring of vinylcyclopropanes confers to this class of compounds a particularly high re-
activity which has been used, inter alia, for the synthesis of cyclopentenes!’!~17%
or 1,4-dienes '™ 7%, Ring functionalized derivatives are also known for adding some
organometallics 17°~ " including organocuprates 77> 17 or radicals 178 189 Depend-
ing upon the reagent used and the nature of the starting material, the cyclopropane ring
can remain or can be completely destroyed. Only a few derivatives bearing a hetero-
atomic moiety on the cyclopropane ring and at the allylic position had been prepared
prior to our work. The synthesis of the bromo!2” and the phenylthio’® derivatives
must be recalled, although no special attention has been paid to the control of the
stereochemistry on the carbon-carbon double bond. 1-seleno-1-vinyl cyclopropanes
and /-silyl-1-vinyl cyclopropanes were unknown five years ago. We have set up a series
of methods which have allowed the synthesis of several members of the series, inclu-

ing those bearing a bromine '*") atom, a sulfenyl **), a selenyl 37 or a silyl 77
moiety in the I-position. We also found that these compounds can play a crucial role
in the synthesis of various cyclopropyl and cyclobutyl derivatives, inter alia vinyl-
cyclopropanes bearing a metal at the position where the heteroatom was attached®”,
functionalized alkylidene cyclopropanes®” and cyclobutanes®”, as well as allylidene
cyclopropanes 4313, Cohen #'® and Paquette 8% 136-138:182) have also prepared
several vinylcyclopropanes bearing a silyl group at the ring junction and have used
them for the synthesis of functionalized cyclopentenes 1”>-13® and of dicyclopropyli-
dene ethane 139

4.2.1 Synthesis of 1-Hetero-1-vinylcyclopropanes by Dehydration Reactions
4.2.1.1 Synthesis of 1-Seleno-1-Vinylcyclopropanes

The first approach to the seleno series taken advantage of the wide availability of 1-
(1-seleno)cyclopropyl carbinols and the small tendency (discussed in Section Synthe-
ses of alkylidene cyclopropanes from B-hydroxy alkyl selenides), of the phenylseleno
derivatives to produce alkylidene cyclopropanes on reaction 37, with for example,
thionyl chloride/triethylamine mixture (Scheme 51). However, the best results have

SePh SePh
ga
HO
SOC12.NEt3,20°C 40 %
SOCl,,Pyr,806°C,12h 35%  +50%SM

SOCl; HMPT,tBuOK,DMSO  45°%
Scheme 51
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been obtained with the Burgess reagent (MeO,CN~ SO, NEty), 18%:37 the mixture
being refluxed in toluene for 2 to 40 h (Schemes 52— 54). This method, first described

by Burgess % then used by Trost '*% for the dehydration of cyclopropyl carbinols
SeR SeR SeR
R! MeOZCN‘SOZNEl
toluene 1o*c RZ
HO 1, &
A B £
R R, R, time required (hr) overall yield B VA € o
B+C’™ B+C”
Ph Et Et 3 809, 82 18
Me Et Et 2,5 60%, 90 10
Me hex hex 15 90% 95 05
Scheme 52
SeR SeR SeR SeR
MeOCN SONEL .
£t toluenetip °C Et *
OH Me Me Et
_R_ time (h} overall yield ratio
Ph 2.5 77 °fs 49 : 27 : 24
Me 38 65% 61 : 35 : 4
Scheme 53
SePh . SePh SePh
MeO2CN~.50,NEty
Dec o *
Dec Dec
OH .
ratio
60°% overall 85 : 15
Scheme 54
and 1-(1-phenylthio) cyclopropyl carbinols, respectively, is applicable only ** to those

1-(1-seleno) cyclopropyl! carbinols whose hydroxyl group is attached to a fully sub-
stituted carbon atom (Schemes 52, 53),. In other cases it produces®” 1-seleno-1-cyclo-
butenes instead (Scheme 54). Even so, the corresponding selenocyclobuténe is always
formed in addition to the vinylcyclopropane (Schemes 52, 53). It accounts®” for only
a few percent in the methylseleno series but can be up to ~207 in the phenylseleno
cases. Moreover, in most cases the reaction does not lead to one unique vinylcylopropa-
ne but instead to a mixture of all the possible regio- and stereoisomers in which the one
possessing the more substituted carbon-carbon bond predominates (Scheme 53, 54).

4.2.1.2 Synthesis of I-Silyl-1-Vinylcyclopropanes
Dehydration of -1-(-1-silyl)cyclopropyl carbinols — was disclosed by Paquette

4 For a similar observation with phenythio analogues see ref. *>*)
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138,182) and later by Cohen ®V). Paquette observed (as we did in the seleno series 37’ a
large difference of reactivity between those compounds possessing a hydroxyl group
attached to a fully substituted carbon atom (Scheme 55) 8% or not (Scheme 56a) *%®),

SEMe;

Li no yield reported

0 SiMej SiMe;
QH cat. TsOH
=L benzene, 20 -
2 7
R R R R2
SiMe SiMe, overall yields R R2
52-75%
=< - OH ° Me Et
Li Rl -(CHy)3-
R? -{CH4), -
overall 52-75%
Scheme 55
SiMe3 SiMe, SiMe, SiMe,
530°C 580°C
R O e O e e O L W B
Li = i
a HO AcO SiMe;
prepared according 86, 91, 41% 68°%
to ref. 73,74
SiMes SiMey SiMe; SiMes SiMe,
b 1) Mg CHylp MeSO,C1 .
2=0 Zn-Cu NEt3 or
Br OH OH  Feciysio, |
90°% 95%
580°C
60% SiMes
Scheme 56

Vinylcyclopropanes are formed in good yield in the first case on reaction with cata-
lytic amounts of p-toluenesulfonic acid (TsOH), whereas the elimination requires 138)
heating of the corresponding acetate up to 530 °C in the other cases (Scheme 56a).
Of course, the presence of an activating group '#?, such as a keto group (Scheme 57)
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SiMeg SiMe; SiMej SiMeq

Mnoz HC(OMe)a MeqSi0S0,CFy DBU
P it el Y —e
ca~x2c12 TosORMeOH CHyClLy18°C OMe ThyCt,

CHO 80°C CH(OMG)Z 0 A.18h 0

80%yield 94°% 90% 90%
SiMe
MegSict 1LDA 3
CICH2CN ——= Me;SICHN —5g—m— t><
ALDA CN

Scheme 57

in a suitable position favours the elimination reaction. Paquette has also described
the synthesis of the same vinylcyclopropanes by dehydration 138:182) of 1-(1-silyl)-1-
(2’-hydroxyalkyl) cyclopropanes (Schemes 56b, 58a), but, except in the cases where

S'IMeg SiMe3 SiMe3
1inBuli HO 1)LDA NeCN
a ZI{Et0) POl 2=0 HMPT
0 CN CN
NzC
56“/0 "'70°/o 75°/o
ref. 182
SiMeg SiMe; SiME3 SiMe3
1) Mg CHalz PBrs
=< 2 CH0 =< Et,Zn C < Dﬁ
Br OH OH B
80% 91% 7 ' NozS.9Hz0
EtOH
ref. 136
SiMe3 SiMe3 SiMe3

b KOH,CCl, MePB A
T-BuOH,50°C o NGHCO5,CRCL, s

| SiMes [t 2

SiMey SiMes

53% 80°6 overall yield from the bromide
Scheme 58

an activating group directs the elimination '*® (Scheme 57), a mixture of all the
possible regiosomeric and stereosomeric olefins is formed *® (Scheme 58b).

4.2.2 Synthesis of 1-Hetero-1-vinylcyclopropanes by Elimination of Two
Heteroatomic Moieties

This strategy (Scheme 59) has been used with equal success in the seleno series®”

(Schemes 45, 59-61) as well as in the thio®>* (Scheme 62), the bromo®*’, (Scheme 62)

and the silyl’”13® (Schemes 63, 64) series. All The transformations involve the
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Y
¥ X = Br, SiMe,,SeR, SPh
M Y = SeR., PO;
OA

Scheme 59
SeR SeR,, geR’ SeR
1)n BuLi WRZ Pl3/NEty R?
2)hex CH-CH=0 4 CHpClp20°C
SeR R-Se OH R
A 8 R
ield ield ( E )
R R’ R R yie yield | o——=
! g in A inB Z+E
Me Me H hex % 939 (98)
Ph Me H hex 65%  86% (9%
Me Me Me hex 81% 91%; (85)*
* the stereochemical assignement has not yet been performed
Scheme 60
SeR SeR R SeR
1) BuLi/ THF PhaP=Clp2 r!
l>< 2IDMF
SeR CH=0 _'
R?
R yield R, R, yield (Z/Z + E)
Me 847 hex H 93 (98)
Ph 4%, hex H 86% (94)
Me 849 hex Me 919% (85)*
* The stereoisomericassignement has not yet been done
Scheme 61

formation of the desired double bond by B elimination reaction on a suitable substrate
of hydroxide or an alkoxide group and of a selenyl 3% 77, 138) (Schemes 59, 60, 62—
64) or an alkoxide group and a phosphonium moiety **-3%77 (Schemes 61-63). or
two alkoxide groups 1*® (Scheme 65).

The starting materials have been prepared in good to high yields from o-hetero-
substituted cyclopyllithiums and o-selenoaldehydes 3-3%:77 (Schemes 60, 62, 63), or
in a more convergent manner from 1-formyl-heterosubstituted cyclopropanes and
phosphonium ylides 3!+35:4%.7" (Schemes 61-63) or a-seleno alkyllithiums 31:13%)
(Schemes 59, 64).

The last approach is the least stereoselective ') among the three mentioned. It is,
however, interesting to note that 1-seleno-1-seleno-1-vinyl cyclopropanes are formed
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SiMe3 SiMes
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SiMe3 SiMes
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H SeMe _
HO hexH hex
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60 % 79°% (ﬁ.95)
Scheme 63
SiM SePh SiMe SiMe
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OH seph
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Scheme 64
. Me ‘
SIMeQ . S|Mea S|M83
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rather that alkylidene cyclopropanes whatever groups is attached to the two selenium
atoms 3*-3% on 1-(1-seleno)-1(1'-hydroxy-2'-selenoalkyl)cyclopropanes (Schemes 59,
60). This method has been extended to the synthesis of vinylcyclopropanes in which
the vinyl group is substituted by one or two heteroatomic moieties **> (Scheme 66).

X
0 Li~(:1;)( HO X R! X
(>_jk R APl INEty .
R I >2< B:50C13/NEty X X
R R? R2
A 8 <

yield in method yield in (%)

R, X R, A% B C
a SMe H 7%6% A 53 16
b B trace : 50
c H SeMe H 46% A 65 —
d H SMe SMe 669, A 31 .28
e B 80 . 9
f H SeMe SeMe 62% A 85 T —
g A 66 T —
d Me SMe SMe 83% B 69 T —

Scheme 66

1t uses cyclopropyl aldehydes or cyclopropyl methyl ketones and a-lithiothio- and
o-lithioselenoacetals or a-lithiothio- or a-lithioselenoorthoesters as the starting ma-
terials. The elimination of the hydroxyl and of the sulfenyl or selenenyl moiety has been
achieved in the resulting product using P,1,/NEt; or by SOCL,/NEt;. In some cases
variable amounts of rearranged products (product C Scheme 66) are formed %%,
besides the expected ketene thioacetals (Scheme 66a, b, d, ¢), when an aldehyde is used.
It is interesting that rearranged compounds are not formed in the seleno series and
that their amount in the sulfur series increases dramatically when SOC, is used rather
than P,I, (Schemes 66, compare btoaandetod)

The method involving o-heterosubstituted cyclopropyllithiums and a-selenenylalde-
hydes provides®'**7” quite exclusively the (E) stereoisomers of 1-heterosubstituted-
1-vinylcyclopropanes after treatment of the 1-(1-heterosubstituted)-1’-hydroxy-2'-
selenoalkyl)cyclopropanes with PI,/NEt, (Schemes 60, 62b, 63b). This implies that
the two steps involved in the transformations are stereoselective (Schemes 60, 62b,
63b). The stereochemical result of the first step can be rationalized**® on the basis of
the Cram-Karabatsos-Felkin rules?*2% and it is well-known that the synthesis of
olefins from (B-hydroxyalkyl)selenides occurs by a formal anti elimination of the
hydroxyl and selenyl moieties 4 ~°+11:12:123.163),

The reaction which uses the phosphorus ylide also produces®:3* 7" highly stereo-
selectively 1-heterosubstituted-1-vinylcyclopropanes, but now the (Z)stereoisomers are
the major ones (Schemes 61, 62a, 63a). It is well-known that in the Wittig reaction
the betaines which lead to the (Z)-disubstituted olefins are formed under kinetically
controlled conditions and that any feature which favours the elimination of triphenyl-
phosphine oxide from these betaines should increase the amount of the (Z)stereoiso-
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mer. The possible stabilization of a B-carbenium ion by the cyclopropane ring and the
heteroatomic moiety could explain the results observed.

This reaction has been successfully applied!'” to the synthesis of 1-seleno-1-vinyl-
cyclobutanes from o-selenocyclobutyl carboxaldehyde (Scheme 67) and various

R SeR
0 SeR ; I _ Ph P:c/R1 R
RSeH E]< 1JnBuli/ THE d—CH-O 377 \g2 [:ﬁ=<
ZnCly SeR 2) DMF
A B R?
A: R yield B R R, R, yield
Me 62 Ph H H 929,
Ph 77 Me Et H 75%
Ph Et H 869%
Me hex H 80
Ph hex H 89%
Me Ph H 5%
Ph Ph H 7%
Me Me Me 0%
Me Me Et 0%

Scheme 67

phosphorus ylides bearing at least one hydrogen on the carbanionic center. However,
it does not work'!” with those homologs bearing two alkyl substituents there (Scheme
67). Unfortunately the stereochemistries of the vinylcyclobutanes prepared by this
method have not yet been determined. An interesting observation was made with
the parent phenylseleno derivative during this work!!?, since it was found (Scheme
68) that this compound has a high propensity to rearrange? to the regioisomeric

ebh SePh

e et
7h, hy
{ fluorescent bulb}

quantitative yield
Scheme 68

alkylidene cyclobutane on irradiation with UV light or light from a fluorescent bulb.
This isomerisation takes place 2* with other allylselenides bearing a terminal olefinic
group but not with the cyclopropyl analogs, probably due to the strain involved.

4.2.3 Miscellaneous Syntheses of 1-Hetero-1-vinylcyclopropanes

Other syntheses of I-heterosubstituted vinylcyclopropanes have been proposed,
especially in the silyl series. They involve the Ramberg-Backlund methodology!36-186)
(Scheme 57b) or the McMurry strategy 136-138:187.188) (Schemes 65, 69).
SiMej SiMes
TiClL
DME H
CH=0 Si Meg

Scheme 69 38%
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4.3 Synthetic Transformations Involving 1-Heterosubstituted-1-Vinylcyclo-
propanes

4.3.1 Reactions Involving 1-Seleno-1-vinylcyclopropanes

4.3.1.1 Synthesis of 1-Functionalized-1-Vinylcyclopropanes Via 1-Lithio-1-vinylcyclo-
propancs
As already mentioned, 1-methylseleno-1-vinylcyclopropanes produce®® 1-lithio-1-
vinylcyclopropanes on reaction with alkyllithiums (Schemes 17, 18). These organo-
metallics react with various electrophiles, such as water, alkylhalides, and carbon
monoxide, to produce the corresponding 1-functionalized vinylcyclopropanes (Sche-
me 17) which retain both the regio- and stereochemistry (with the exclusion of the
styryl derivative % (Scheme 18)) originally present in the starting vinylselenide **. A
mixture of functionalized alkylidene cyclopropanes and vinylcyclopropanes are form-
ed if acetaldehyde or bezyldehyde are reacted *® instead (Scheme 70). The higher
H

R
peMe H—-OH R
Rl 1ln-Buli, -78°C Rl Y
2) RCH=0 *
R2 R2
A B L

R, R, R conditions yield
hex H Me TMF 55% 50 50
H hex Me TMF 68, 80 .20
hex H Ph TMF 90%, 25 .75
hex H Ph TMF-TMEDA 889 20 . 80
H hex Ph TMF 969, 46 .04

Scheme 70

percentage of functionalized vinylcyclopropane is found when starting with the (E)
stereoisomers. Interestingly the functionalized cyclopropanes retain the stereoche-
mistry present on the starting vinyl selenides (Schem® 70). Similar derivatives have
been obtained 13® on reaction of a mixture of 1-silyl-1-vinylcyclopropanes, acetone,
and tetrabutylammonium fluoride (Scheme 65), see Sect. 4.3.2.1.

4.3.1.2 Syntheses of Functionalized Alkylidene Cyclopropanes

a-Selenovinyleyclopropanes have been readily transformed*” to functionalized
alkylidene cyclopropanes by a sequence of reactions which involve as the key step the
transposition of the corresponding allylic selenoxides or selenonium ylides (Scheme
7).

By a Reaction Involving the Rearrangement of an Allylic selenoxide

The transposition of allylic selenoxides to allyl alcohols is a well-established reac-
tion24~ 27189 which parallels the one described with sulfur analogs'®®. It was found,
however,*> that phenylselenoxy derivatives rearrange much more easily than their
phenylthio or their methyiseleno analogs.
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DMSO R3
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R R B
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1 Ph H hex H 75
2 Ph H Ph H 70
3 Ph ot oct H 75
4 Ph (CHp, hex 92
5 Ph H pent hex 92
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B Alkylation conditions R R;, R, Ry overallyield (%)
1 MeSO;/ether Me H hex H 85
2 Mel-AgBF, Me H hex H 53
3  Mel-AgBF, Ph H H H 60
4 Mel-AgBF, Me Me hex H 85
6 MeSO,F/CH,Ch Ph H pent hex 48*

* as a 85/15 mixture of stereoisomers

Scheme 71

Those belonging to the cyclopropyl series, as expected, were found 45-13% to be
less prone to rearrange since the formation of the seleninate, the postulated intermedi-
ate, is disfavored due to the strain introduced during the concomitant formation of
the alkylidene cyclopropane. For example, allyl alcohols are formed in only 309,
yield if the vinylcyclopropyl selenides are reacted at room temperature with an aqueous
solution of hydrogen peroxide in THF, under conditions which almost quantitatively
produce allyl alcohols from straight-chain phenyl or methylseleno analogs ). The best
results have been obtained if the two different steps required for such reactions are
separated. 1-(Phenylseleno)- and 1-(methylseleno)-1-vinylcyclopropanes have been
quantitatively oxidized to the corresponding selenoxides > (Scheme 71a) and the
rearrangement to the allyl alcohol has been forced by adding piperidine to the selenoxi-
de dissolved in a non polar solvent such as cyclohexane. Piperidine plays the role of a
selenophilic agent able to destroy the seleninate and therefore to shift the equilibrium
towards the formation of the allyl alcohol. In fact N-(phenylseleno)piperidine has been
isolated at the end of the reaction involving phenylseleno derivatives 35, Best results
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were observed*> with phenylselenoxy derivatives which produce (in cyclohexane and
in the presence of piperidine after a few hours at 20 °C) the allyl alcohols in verv good
yields (Scheme 71a, entries 1-5). Methyl selenoxy compounds react slowly ** (Sche-
me 71a, entry 6), whereas phenyl > and methyl ¥ sulfoxy analogs remain inert,
even under drastic conditions (Scheme 72a) *¥.

O=gph
NalQy hex _pipexifine hex
a MeOH, i 0 . 20 o/8°C D"“Y
HO

BN BT

PhSH.CN 50%/, NaOH/TBEAHCI SPh
2 2IDIBAL- A D@,/R’
toluene, 50°C
3)Ph3P =CHR!
(ref. 203) Rz_/CH..
*SPh | R!
b e Rl MesogFrether g’
211buOK RfKon/DMSO
DMSO R2 SPh 2
A B R

alkylation conditions R, R, A overall yield B overall yield
Mel-AgBF /CH,Cl, hex Me 7% —
Etl-AgBF, /CH,CI, hex Et 71% —
MeSO,F/ether H Me 83% 70%
MeSO, H Me (ref 35)

Scheme 72

By a Reaction Involving the Rearrangement of an Allylic selenonium ylide
Vinylcyclopropanes bearing a selenenyl or a sulfenyl moiety on the cyclopropane ring
have been readily alkylated*® with magic methyl in ether or with alkyliodide/silver
tetrafluoroborate in dichloromethane (Schemes 71b, 72b). Further treatment of the
resulting selenonium/sulfonium salts with potassium tert-butoxide in DMSO at 20 °C
for 15 hrs provides an efficient synthesis *® of selenides or sulfides bearing a
cyclopropylidene moiety in the B-position (Schemes 71, 72), which results from the
1,3-transposition of the ylide intermediately formed. These selenides or sulfides can
again be transformed ** to the corresponding salts but, now, on further treatment
with potassium tert-butoxide in DMSO, the ylides formed lead selectively to allyli-
dene cyclopropanes via a regioselective elimination reaction of the type used for the
synthesis of alkylidene cyclopropanes and already described in Sect. 4.1.1.1. (Schemes
72, 73).

SeMe
1) MeSQOgF/ether 1}MeSQ 3F/ether
B e e e
2)tbuOK/DMSO D \ :hex 2) tbuOK/DMSO hex
hex SeMe
Scheme 73 85% 80%
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4.3.1.3 Synthesis of Carbonyl compounds

Vinyl cyclopropanes have been subjected '’ sequentially to the reaction of ozone
and of P,I, or P1,. Depending on the conditions used, an a-selenocyclopropyl ketone
(1 mol eq P,1,, —78 °C, 0,75 hr) or a y-iodo ketone (2 mol eq P,I,, —78 °C t0 20 °C,

1 hr) are formed in high yield (Scheme 74). The activity of the phosphorus reagents is

0
!
SePh SePh
03 leq.Pyl;. - 78°C [>k,= L
CHyCly 0-0 or 2eq.Pl13,-78°C 0
>—P9"t hex
SePh hex 0
1equlL H
= Zeq. CHLL2
hex pent
103/CH,Cl, 0 0
202P5 1,.-78C l\/\Jt I k
0,ththen 20°C.1h hex hex
SePh
93 %
Scheme 74

particularly impressive since they perform in a stepwise manner the reduction of an
ozonide, the reduction of a selenoxide, the ring opening of an activated cyclopropane,
and the reduction of an a-seleno ketone (Scheme 81). Finally 1-seleno-1-vinylcyclo-
propanes have been found, as will be shown in the next section, to be valuable
precursors of cyclobutanones 3°-36 (Scheme 75).

SeMe SeMe 0
SeMe _ TsoH [:(/
CgHgH,0.
sHetz08 == hex
OH hex hex
Scheme 75 ? 60%s

4.3.2 Reactions Involving 1-8ilyl-1-Vinylcyclopropanes

4.3.2.1 Synthesis Involving 1-Metallo-1-Vinylcyclopropanes

The cleavage of the carbon-silicon bond of 1-silyl-1-vinylcyclopropane has been achie-
ved by the fluoride ion. The reaction has been performed '*® in only one case (Scheme
65) but has severd to generate a pentadienyl anion which was regioselectively hydroxy-
alkylated on the cyclopropane ring '*® (Scheme 65). This reaction has been successfully
used for the synthesis of () a-vetispirene *® (Scheme 65).

Fluoride-induced desilylation-cyanation studies have been undertaken 1*® with
several electrophilic cyanogen type reagents. The best results were attained 13® when
the 1-silyl-1-vinylcyclopropane shown in Scheme 65 was heated in a THF solution
containing 4 equivalents of phenylcyanate. This reaction has been used 3® as a key
step for the synthesis of (4)-hinesol and of (+ )-B-vetivone (Scheme 65).
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4.3.2.2 Thermal Rearrangement to Cyclopentene Derivatives

Vinylcyclopropanes are also suitable starting materials for the construction of five-
membered cycles. The vinylcyclopropane rearrangement first discovered in the late
1950s 1°1-192 immediately became the subject of intense mechanistic investigations 73
193,194 and was used for the cyclopentene anelation 16%:171:19%.197) or cycloheptane
anelation **® ~2%% This reaction wassuccessfully applied to vinylcyclopropanes bearing
a silyl moiety by Paquette *7-13® and was found particularly useful for the synthesis
of vinylsilanes as part of a five-membered cycle. These have been in some cases
subjected to electrophilic substitution 37-138.201.202) (Schemes 58b, 65, 82-84).
The ring expansion takes place when the thermolysis is conducted between
570° and 670 °C and only occurs with those compounds which do not possess 17 steric
inhibition around the carbon-carbon bond (Scheme 76, compare a and ¢). Incorpora-
tion of the double bond (Scheme 76, compare a and ¢). Incorporation of the double

SiMe3 E
0 S M R R!
R'] i 93 £*
/j/ —_— SnMe3 300 —
Rz 40 torr R2 Rr2
no yield reported
SiMes -
0 MeCOC! 0
l AlCly,-78°C
a /j " SiMez "
N%
SiMe;;
0 0
b Cr . MeCoC!
I SiMey; 7 S AlCl3.-78°C
82% Br
¢ _erprete e, Cé
SiMey
80%
SiMe3
e /\‘[§Meg><’ /:é
Scheme 76

bond into a cyclic enone moiety *3” (Scheme 77) did not disrupt the bond relocation
process, although a somewhat more elevated temperature (660 °C) was required. The
resulting compound is particularly prone to prototropic shift leading to an allylsilane
in which desilylation occurs readily during the chromatographic purification *>”
(Scheme 77). The presence ofa trimethylsilyl groupatCl ofa vinylcyc}opropane has

D(S'Me:’ 880" e siog
SlMeg

oM SiMeg Me;3Si
91% 75 %
Scheme 77 no yield reported
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been shown to have important kinetic consequences **”, The electropositive character
of this substituent retards the bond reorganization and decreases the isomerisation
rate 137 (Scheme 78). The extent to which such isomerization is retarded by the 1-
trimethylsilyl group has been estimated by the increase in activation energy of the
thermal rearrangement of those vinyleyclopropanes shown in Scheme 55. This
rearrangement was found '*7 to require 10 kcal/mol more than for the corresponding
vinylcyclopropane which does not bear the trimethylsilyl group.

SiMes
OO [ e [y —
SiMey SiMeg
B A
Scheme 78

4.4 Diels-Alder Reactions Involving Allylidene Cyclopropanes

Allylidene cyclopropanes proved to be particularly reactive dienes especially if used as
one of the partners in the Diels-Alder reaction 77-107-136.203-20%) They differ in that
respect from other dienes bearing two alkyl groups at one terminus, which are inert in
a[2 + 4]cycloaddition even with very reactive dienophiles and often lead to products
resulting from their rearrangement 1°7-2°6-213) Most of the reactions have been per-
formed on the parent diene '*7-*'*) (Schemes 79-81). although a few deal with analogs
bearing alkyl groups on the olefinic moiety and/or on the cyclopropane ring ””
(scheme 82) or with dicyclopropylidene ethane '*® (Scheme 83). The latter compounds
is much less reactive than other members of the series, but even 80, its reactivity is
exceptional despite the obvious congestion at its bonding centres 3. Functionalized
spiro[2,5] octenes are formed in good yield with highly electrophilic dienophiles such
as tetracyano ethylene '*’-* dialkyl acetylenedicarboxylates 17-13), p-quinones 77
107.21%) maleic and fumaric diesters 1°”, maleic anhydride 77> 197, maleimide 3,
azodicarboxylate 2*> and N-methyltriazolinedione '3 (Schemes 79-83). Olefins mo-
noactivated by an alkoxycarbonyl, a nitrile, an aldehyde or a keto group also lead to
the corresponding spiro[2,5Joctenes °” (Scheme 81) but the reaction is much
slower and the yields are lower '°”. The presence of an alkyl substituent on
the dienophile dramatically lowers the yields if it is branched at the a-position
and almost inhibits the reaction if it is located at the B position of the activating
group. In these specific cases the temperature at which the reactions are performed
was found '°” to be critical. The best compromise was found to be 100 °C since spiro-
octene derivatives are formed in much lower yields at lower (75 °C) or at higher (150 °C)
temperatures. In the latter case the dimerisation of the diene was observed, especially
with nonreactive dienophiles. While these reactions show the stereospecificity usually
observed in the Diels-Alder reaction (see Scheme 79 e, f), their regioselectivity is
significantly different from the one usually reported for 1-substituted dienes which
are known to give predominantly the ortho-type adduct '), In the case of allylidene
cyclopropanes a reversed tendency was found and the meta-type adduct was mainly
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formed 1°» (Scheme 81). The regioselectivity is high in the case of a,B-unsaturated
esters, ketones, and aldehydes and somewhat less pronounced with nitroethylene.
The formation of the meta-type adducts instead of the ortho ones can be
rationalized on the basis of a mechanism involving radicals or ionic intermediates
in the transition state (scheme 84). Intermediate structures (/4) and (2b) can
account for the results usually observed with dienes bearing alkyl groups whereas inter-
mediates such as (/a) and (2a), in which the strain due to the cyclopropyl ring is

NC CN FN
a )( ceyg CN
rvrverrand 77%
NC N 20°C.16h CN
CN

0

henzene
20°C.th

o]
o
0 0
0
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0

?02Me
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COMe CO2Me
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l 110°C.16h '~ °
MeO,C CO,Me
COzMe COsMe
¢ ( 2 toluene & 2 20%
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COgMe CO,Me
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g (197} i e 87%
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can explain the results observed in the case of cyclopropy! derivatives. This would be
the reason for the unsually high reactivity of such dialkylated dienes. The vinyl-
cyclopropane system present in the spirooctene derivatives can serve as a precursor of
spirooctanes, of gem-dimethylcyciohexanes or of ethylcyclohexanes, as has been
shown 1°7) in the case of the acrylate adduct (Scheme 85). The carbon-carbon double
bond present in the cyclohexene can be selectively reduced 2 (without any harm to the
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cyclopropane ring) with hydrogen in the presence of the Wilkinson catalyst
[(Ph;P);RhCL. 0.1 eq in benzene 20 C, 10 hr]. On the other hand, both the carbon-
carbon double bond and the cyclopropane ring can be reduced °7 if platinum is used
(Pt, 0.3 eq EtOH, 20 °C, 4 hr, 93 %), while methyl 3-ethylcyclohexanecarboxylate
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formally formed %7 through a 1,5-addition of hydrogen to the vinylcyclopropane is
obtained when the reaction is conducted over palladium [Pd/C 10%, 207 (w/w)
THF/H,0 (1:1), 20 €C, 4 hr, 92% yield).

4.5 Syntheses of Carbonyl Compounds by Ring-Enlargement Reactions

One of the interesting features of functionalized cyclopropy! and cyclobutyl deriva-
tives is, without doubt, their ability to release the strain and to produce larger rings or
straight-chain derivatives. This has been demonstrated by the pioneering work of
Julia 1% on cyclopropyl carbinols, which in acidic media lead to homoallyl alco-
hols 166:167.216) ' and hy the well-known propensity of B-heterosubstituted (RO 85
217 RS 71.131.132) RGe 87.135) Br 71,73 RSeO, %7) such as cyclopropylcarbinols and
oxaspiropentanes 1-6%:64.67 to produce cyclobutanones in acidic 61-63-64.67,71.81,
52.132,133) or basic media ¢7-""-"3) (Scheme 86). But while many B-heterosubstituted

.
X=Br,SPhy

Q R1
a SeOzPh ([;n :Rz
H+
! X
Xl SR l.)__f Hp0 [;ro
([Pn M (WRz - "4

b \ OR.SPh.SePh /
(E ] ‘R2

Hard
Scheme 86 electrophite

cyclopropylcarbinols (RO 8217, RS 71131 132) Rge 87.135) jead directly to cyclobutyl
derivatives when the hydroxyl group is transformed to a better leaving group. 1-(1-
silyl)cyclopropylcarbinols lead instead to 1-silyl-1-vinyleyclopropanes %2 (Scheme 87)
when reacted with catalytic amounts of p-toluene sulfonic acid in benzene at 20 °C and
to isomerically pure cyclopentylidene tosylates (with an exocyclic double bond) or

1 TsOH, benzene +TSO
/ reftux, 05h n

n=1 overall 87 %

n=2 vyield not given mixture
Si Me3 catfosOH, benzene SiMe3
HO
MCPBA \ SiMe3 BF3.0Et; SiMes
B T

Dég 20°C,2-4h Dﬁ
0 In o In
n=1 100%

Scheme 87 n=2 yield not given
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to a mixture of cyclohexylidene and cyclohexenyl tosylates by the ring opening of the
cyclopropyl moiety on reaction 2 with 1 equivalent of p-toluenesulfonic acid in re-
fluxing benzene (Scheme 87a). The energetic cost of positioning a positive charge
a to silicon is not outweighed by the imminent possibilities of strain relief. Equally
informative is the response of 1-(1-silyl)-1-(1'-2"-oxidocycloalkenyl) cyclopropanes to
the action of boron trifluoride etherate (benzene, 20 °C, 2-4 hr) which produce 1-(1-
silyl}-1(2-oxo cycloalkyl) cyclopropanes rather than the spirocyclononane or cyciode-
cane derivatives (Scheme 87b). Finally, a few reports have described the oxaspiro-
hexane cyclopentanone transformation 28 -223), 1-(1-Seleno)cyclopropyl carbinols *7
135) and their cyclobutyl homologs 3713 proved to be valuable starting materials for
the ring-enlargement reactions leading to cyclobutanones and cyclopentanones, re-
spektively. The reaction has been directly performed on 1-(1-seleno) cycloproly carbi-
nols from which we have yet been unable to prepare oxaspiropentanes (sulfur analogs
behave similarly). The formation of the cyclopentane ring from 1-(1-seleno)
cyclobutylcarbinols involves the intermediate formation of oxaspirohexanes 134
135 These can also be prepared from the regioisomeric 1-(1-hydroxy)-1-(1’-selenoal-
kyl) cyclobutanes, themselves available from cyclobutanones and a-selenoalkylli-
thiums #-37:134. 135 (Scheme 88a). As will be shown 1-(1-hydroxy)-1-(1'-selenoalkyl)
cyclobutanes can also lead directly to cyclopentanones by transforming the selenenyl
moiety to a better leaving group 3% 134:13%.191.229) (Gcheme 88 b).

Scheme 88
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4.5.1 Syntheses of Cyclobutanones
4.5.1.1 From B-Cyctopropylselenides and an Acid

The synthesis of cyclobutanones from 1-(1-seleno) cyclopropyl carbinols 35'37’2?’
parallels (Schemes 89-93) the reaction described by Trost for thiophenyl a{lalogs g
132) 1In fact, in one instance during the synthesis of cuparenone 3% 1-(1-thiophenyl),

SePh 0
TosOH
DS<R; benzene/H,0 iR’
2
oH R
R' _R? yield
a Me pMePh 76°%%.
b H Dec 0%
¢ Me non 0%
Scheme 90
0
SeMe TsOH,HgCly 0 .
a P(_OH To'luene,A.
Dec T*soverall Dec Dec
98 s 2
b seMe TosOH
OH benzene A, 73%
Dec
Scheme 91
l¢]
{><X + Me-g~Ph Me ¢ —2r, g
Li P OH CgHgHy0 Me
Me pMePh pMePh
X solvent yield -conditions yield
SeMe ether 85°%, 80°C,12h  80°%
SePh ether 81°% 80°C12h  70%
S Ph THF 88°% 40°C,12h  50%
Scheme 92
SeMe XPh 0 0

TSOH
M Tenp E%em . E%xph
OH

X overall yield ratio

a S 92%, 73 : 27

Se 79% 48 : 52
Scheme 93

1-(1-selenophenyl) and 1-(1-selenomethyl)cyclopropyl carbinols possessing the same
hydrocarbon skeleton have been compared '** and original and interesting observa-
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tions were made (Scheme 92). The best results were observed 1*> when the cyclopro-
pylcarbinol belonging to the methylseleno series was heated at 80 °C in wet benzene
in the presence of catalytic amounts of p-toluenesulfonic acid (Scheme 92a). It must
be recalled that under these conditions olefins are usually formed % instead of ketones
if the cyclopropane ring is missing in (f-hydroxyalkyl) selenides. The cyclobutanone
synthesis accomodates 35-87- 435 geveral structural variations since the rearrangement
is observed with 1(I-seleno)cyclopropylcarbinols derived from aldehydes and ketones
87 including those derived from formaldehyde 3 (Scheme 91), o,B-unsaturated 3>
(Scheme 89), 1-(1-seleno)cyclopropyl > (Scheme 93), and aromatic '*> carbonyl
compounds (Scheme 92). In one case in which the cyclopropane ring was substituted
with an alkyl group **, one of the two possible regioisomeric cyclobutanones was
predominantly obtained (Scheme 91). Its formation demonstrates the selective migra-
tion of the most substituted carbon present in the cyclopropane ring.

Methylseleno derivatives are clearly less reactive **> than their phenylthio analogs,
since the reactions usually require longer times and higher temperatures, but they
are more than their phenylseleno analogs (Scheme 40, 92), which lead to cyclo-
butanones only when an extra stabilizing group such as an aryl *® (compare
Schemes 90c and 92b) or a cyclopropy! ** (compare Schemes 90b and 93b) moiety is
present on the carbon bearing the hydroxyl group. The case of the cyclopropyl com-
pounds derived from p-methyl acetophenone, which were used as starting materials
for the synthesis of cuparenone > (Scheme 92), is interesting, since it shows that
the thiophenyl derivative is the more reactive within the series but leads ** to a
lower yield in cyclobutanone. This is due to the formation of several byproducts which
were not formed from the seleno derivatives.

Dicyclopropylcarbinols bearing two different heteroatomic moieties on the cyclo-
propyl groups have also been subjected 5! to the ring-enlargement reaction and have
lead to a mixture of cyclobutanones in very good yields (Scheme 93). It is surprising
that dicyclopropylcarbinols bearing a phenylseleno and a methylseleno moiety on
each of the cyclopropyl group, in contrast to what was said above, produce a 1 : 1 mix-
ture of 2-(1-phenylseleno)cyclopropyl cyclobutanone and its methylseleno analogue
(Scheme 93 b). The results concerning analogous compounds bearing the methylseleno
and phenylthio moieties in B- and B’-positions are closer to the predictions, since the

R4 s R SeMe
SeR Rs TsOH e TSOH R‘l hex
) CgHgH, 0.8 Cetlg.Hz0.A
R} R R3 _e_
B A

R Ry R, Rs yield (%) mA

Ph  hex H H 63
Me hex H H 80
Me pent H hex 92
Ph H H hex 90
Me Me non H 05*

o oo oW

Scheme 94
* compound B R = Me, R; = H, R; = Ry = Me, Rs = hex is formed along with some starting
material
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cyclobutanone possessing the methylseleno group clearly prevails (Scheme 93a). Much
work must be done in order to be able to draw definite conclusions on the ability of
the sulfenyl and the selenenyl moieties to stabilize !> an a-carbenium ion. (1-(1-
seleno)-1-(1'-hydroxy-2'-seleno alkyl) cyclopropanes also produce ** cyclobutanones
on reaction with p-toluenesulfonic acid in wet benzene (Scheme 75). Surprisingly
however, the selenenyl moiety expected to be there on the basis of the results reported
above is now missing. These results can be explained 3> '¢® by the intermediate for-
mation of a vinylcyclopropane bearing a selenenyl moiety which is in turn protonated
to produce the observed cyclobutanone (Scheme 75). 1-Heterosubstituted-1-vinyl-
cyclopropanes should therefore be valuable precursors of cyclobutanones.

4.5.1.2 From 1-Seleno-1-vinylcyclopropanes and an Acid

That is in fact the case ** 3¢ (Scheme 94), not only for the 1-seleno-1-vinylcyclopropa-
nes belonging to the methylseleno series but also for their phenylseleno analogs, which
both lead to cyclobutanones in the presence of p-toluenesulfonic acid on the condition
35.36) that the sp-carbon linked to the cyclopropane is identically or more highly
substituted than the other sp?-carbon. If that is not the case, migration of the
carbon-carbon double bond from the vinylic to the allylic position (relative to the
cyclopropane ring) mainly takes place and only a trace amount of cyclobutanone
(<59%) and presumably cyclopentanone is formed (Scheme 94¢).
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4.5.1.3 From 1-(1-Hydroxy)-1-( 1'-selencalkyl) Cyclopropanes

Cyclobutanones have also been prepared??® from 1-(1-hydroxy)-1-(1-selenoalkyl-
cyclopropanes, themselves available by the ring opening of oxaspiropentanes with so-
dium phenylselenolate in ethanol (Scheme 95). Oxidation with m-chloroperbenzoic
acid at —78 °C to —30 °C of the selenides intermediately produces the correspon-
ding selenoxides, which in the presence of pyridine lead to cyclobutanones (Scheme
95a-d method B) by a ring-expansion reaction rather than to the allylic cyclopropanol
as might be expected on the basis of previous reports on (B-hydroxyalkyl)selenoxides
lacking the cyclopropane ring 3~°:1%!?, In fact, a mixture of allylic alchols arising
from the well-known selenoxide elimination reaction and of the rearranged cyclo-
butanones is observed 22% with those starting materials possessing a hydrogen on the
carbon bearing the seleninyl moiety (Scheme 95¢), but increasing the substitution
there favors the cyclobutanone formation over the allyl alcohol. A mechanism
involving a carbenium ion generated by the departure of benzeneselenate has been
proposed 229, The stereochemistry of the spiro cyclobutanone seems to be determined
by the rate of the ring expansion compared with that of bond rotation. Indeed, in
several cases a high stereoselectivity is observed, (Scheme 95b-d method B) which is
opposite to that normally produced by the acid-catalysed rearrangement of oxaspiro-
pentanes 2% (Scheme 95b-d method A). Thus, from one oxaspiropentane either
stereoisomer of cyclobutanone may be produced (Scheme 95).

4.5.2 Syntheses of Cyclopentanones

It is well known that cyclobutanones can be transformed to cyclopentane derivatives
directly with diazomethane or indirectly via the cyanohydrins >®-*®), or with tris(phe-
nylthio)methyllithium %22, but in many cases the reactions are not regioselective
and lead to different regioisomers. Cyclobutyl ketones lead to substituted cyclopenta-
nones in highly acidic media ?* and the synthesis of cyclopentanones from methylene-
cyclobutanes requires a palladium catalyst 227,

4.5.2.1 From Oxaspirohexanes Derived from f-Hydroxy cyclobutylselenides
and from B-Seleno cyclobutanols

Synthese of Oxaspirohexanes
Two different types of (B-hydroxyalkyl) selenides 3%-57-13% or related derivatives >,

o SeMe SeMe 0 R3 D R
RSeH SeMe [ guLi R2 1IMe I 2 Lil/ether &Rj
RI.C-R3 OH  Zivase R? —woc T
R o

R“ R‘ R1 R1
R, R, R, conditions yield time yield
H H Dec 1) Mel 2) ag KOH/ether 80 4h 91®
or tBuOK /DMSO
H Me Non 1) Mel 2) aq KOH/ether 70 40 h ™
Pent H Dec 1) Mel, AgBF, 2) ag KOH/ether 71 60 h 90°
or tBuOK /DMSO

* only one sterecisomer is formed
b two stereoisomers (75/25 ratio) are formed

Scheme 96
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which both involve cyclobutanones as starting materials, have been prepared
(Schemes 96-100). In the first case 13, the selenenyl moiety is attached to the
cyclobutyl ring (Scheme 96). However, the strain present in the cyclobutane ring
is not sufficient to permit (once the (B-hydroxyalkyl) selenide has reacted with
para-toluenesulfonic acid in wet benzene) the ring-expansion ** expected to lead to
cyclopentanones in a reaction which would parallel the one described with

Me 0
0 MeSe Me-}-SeMe Me
SeMe 1
TsOH —Me,Cli-e OH * Me
/ OH CeHs. . 2 Me Me
Ar Me Ar A Ar
SeMe ° o -
a 80°% 66°
DX °
, A: conditions yield %
Me MeSO,F/ether 82
A =0 EtoTl/CHCl, 57
i AgBF,-ALO,/CH,Cl, 69
b Br 0
Li
Me Me Li| dioxane
12-crowns  80°C,30h M Me
€ Me Ar
0 2 B 94%
Br tbuok 1)MeSeCHoLi =2 ° %
Me /%OHTUHF' g 2)?(}52—;:&”’&2 o
, ¢
MeA Me MEN@NME Me AyMe OH Me
BeCl, THE CHCLAgBF, /41,0, Ar
*  Cis also formed in 6% yield 20°C,20h Me 20°C,15h Me
** Bis also formed in 5% yield, Me \le Ar Me xx
C 95°%

Scheme 98

cyclopropyl analogs **%7. In the cyclobutyl case, in fact, the elimination of the
hydroxyl and the selenenyl moieties occurs and produces alkylidene cyclobu-
tanes 3. The last reaction has been observed 1¢¥, as already pointed out, with other
(B-hydroxyalkyl) selenides, except those derived from 1-lithio-1-cyclopropyl se-
lenides 3% 87,

The synthesis of cyclopentanones can however be readily achieved via the
oxaspirohexanes ¥ (Scheme 96). These are readily available from 1-(1-seleno)-
1-(1’-hydroxyalkyl)cyclobutane by a route already disclosed for other (B-hydroxy-
alkyl) selenides #~%-11-12229"22 [but which does not work with 1-(1-seleno)-l-
(1-hydroxyalkyl)cyclopropane]. This involves their alkylation, on the selenium atom,
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leading to (B-hydroxyalkyl)selenonium salts which are then almost quantitatively *3%

transformed to the oxaspirohexanes on further treatment of their etheral suspension
with a 109, aqueous solution of potassium hydroxide ?*?. The ring-enlargement is
then achieved %3-134:223) with lithium iodide, as will be discussed later in this section.

MeMe Nese MeSe
Me Br I)MeZCLl Me e NMegCLi i
Me>=o * Li Me “D)AgBF, z)AgsF,,
Me'
Me Me Me € Me Me
74°f 73 %%,

MeMe Me

Me. Me
Me Me

Me Me
Scheme 99

OH

72°%(8-1 ratio of
isomers)

o oy SePh ne
PhSe-CH-Me 8]
-78°C THF O PhSe 0
Me

A Me |ai-Hg
—

O
0 !.;
0 1)Phge- c R2 R! RLRZ=H  73%
¢ _® R? 102
214, 3)AlHg R,R°=Me 63%
0 1 p2
0] 3] R' R%=H 82°%
Iden.c 2
E()\ - R RLR%=Me 52°%
Me
0 ! :

a ]
1JAcOH

71%%

O
e Iden. ¢ 39 s
Tol
Me
Scheme 100
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In the second case, the (B-hydroxyalkyl)selenides are prepared by reaction of
a-selenoalkyllithiums with cyclobutanones 353713224 Now the selenenyl moiety
is no longer attached to the cyclobutyl ring (Schemes 97-99). The synthesis of
oxaspirohexanes and therefore of cyclopentanones is feasible using the set of
reactions already mentioned (Schemes 97, 98b) 4 =9 11.12.134.229732) The gynthesis
of epoxides utilized along this novel route to cyclopentanones offers, especially
in the methylseleno series, several advantages over the existing methods: wide
availability of the B-selenoalkyllithiums; high nucleophilicity of these species
leading to high yield of (B-hydroxyalkyl)selenides; facile alkylation of (B-hy-
droxyalkyl) methyl selenides with methyl iodide; easy removal by simple washing
of the (B-hydroxyalkyl)selenonium salt with ether of any traces of the starting
carbonyl compound which has not reacted or results from an enolisation reaction;
and finally, the epoxide formed by mild treatment with potassium hydroxyde in ether
is readily separated from the highly volatile dimethyl selenide concomitantly
formed. The transformation of oxaspirohexanes to cyclopentanones has been achieved
with lithium iodide (Schemes 97, 98b).

Transformation of Oxaspirohexanes to Cyclopentanones

The transformation of oxaspirohexanes to cyclopentanones can be achieved with
lithium iodide in refluxing dichloromethane 3% 22 (Schemes 96, 97a, b). This iso-
merisation, first described by Lerivérend 22? and used by Trost *** in a modified
version, was previously reported for oxaspirohexanes bearing two hydrogens on the
epoxide ring. It was later found in our laboratory 3513+ 135 that it even works
when two alkyl groups are attached to the epoxide ring. The reaction is usually
highly regioselective and occurs by migration of the more highly alkyl-substituted
carbon atom of the cyclobutane ring (Schemes 96, 97).

In the case shown in Scheme 98b, the reaction performed with Lil in
CH,Cl, was less regioselective '>> and although 807, of the cyclopentanone formed
(B, Scheme 98) results from the migration of the most highly substituted carbon,
appreciable amounts (20 %) of the other regioisomer (C, Scheme 98), resulting from the
migration of a methylene group, are also present.

The Trost version (Lil, benzene, eq. HMPA) ?*® gave closely related results
However much higher regioselectivity in favor of the P-cuparenone formation is
observed if the ring-enlargement is performed with lithium iodide in dioxane,
especially if a crown ether (12-Crown-4) is present in the medium '*% (Scheme 98b).
Under these conditions the reaction is particularly slow (30 hrs).

The regioselective synthesis of the unnatural cuparenone isomer (C, Scheme 98)
has also been performed *® (Scheme 98b) from the same oxaspirohexane by a
two-steps sequence which involves the selective (100%,) — opening of the epoxide
ring leading to the corresponding 1-(1-hydroxy)-1-(chloromethyl)cyclobutane (BeCl,/
THF, 20 °C, 20 hr) and its further transformation to the cyclopentanone C is
achieved 3% with silver tetrafluoroborate on alumina.

135)

4.5.2.2 Directly from I-(1-Hydroxy)-1-(1'-selenoalkyl) Cyclobutanes

The direct synthesis of cyclopentanones from cyclobutanols bearing a B-selenenyl
group is also possible whenever the selenenyl group is linked to a fully alkylated carbon

atom (Schemes 97c¢, d, 98a). ‘
This one-step procedure *3* 232 is reminiscent of the well-known pinacolic

68



Synthesis and Synthetic Applications

rearrangement 23%. It takes advantage of the different behavior of the two hetero-
atomic moieties towards electrophilic species due to their hardness (hydroxyl group)
or softness (selenenyl group). Thus it was found that the selenenyi group is
selectively transformed, even in the presence of an hydroxyl group, to a better
leaving group by alkylation, oxidation or complexation with soft metallic cations.
The rearrangement of selenonium salts derived from 1-(1-hydroxy)1-(1-selenoalkyl)-
cyclobutanes to cyclopentanones is particularly easy if the starting material is
crowded 13523 and possesses two alkyl groups on the carbon bearing the
selenium atom (Schemes 97d, 98a). If this is not the case, the best methods are
those 33134139 (Schemes 97c, 98a) already used successfully with other (B-
hydroxylalkyl)selenides bearing two alkyl groups where the selenenyl moiety is
attached, and which involve their reaction with silver tetrafluoroborate on alumina
or with thallium ethoxide *¥ in chloroform. In the latter case a complexed
dichlorocarbene (soft reagent) is formed in situ and selectively acts on the selenium
atom leading to an ylide. This entity acts as a base towards the hydroxyl group
and at the same time enhances the leaving-group ability of the selenenyl moiety ¥
(Scheme 101).

C/Cl
MeSe MeSe L Cl
N (*,H R?
OH 11 0t o]
R2 R2 - R?
R R
RY Rr2 yield
H Dec 83%
Me Non 90%

Scheme 101

These reactions have been used for the synthesis of cuparenones from p-
methoxyacetophenone '** (Scheme 98) and for the synthesis of permethylcyclo-
pentanone, permethylcyclohexanone, and of permethylcyclohexane from acetone 224
(Scheme 99). If the carbon bearing the selenenyl moiety bears at least one
hydrogen, reaction of thallium ethoxide in chloroform is described to lead instead to
epoxides *¥, and this was found to be the case 23 for PB-selenocylobutanols
(Scheme 101). Closely related results have been observed when the reactions are
performed under phase transfer catalysis simply with chloroform and potassium
hydroxide as the dihalocarbene sources 2%,

4.5.2.3 From 1-(1-Hydroxy)-1-(1'-selenoxyalkyl) Cyclobutanes

The reaction of a-lithioalkylselenoxides, at —78° with 2,2-disubstituted cyclobu-
tanones affords > the corresponding B-alkoxy selenoxides, which, as expected 5%,
produce 1-(1-hydroxy)-1-(1"-alkenyl) cyclobutanes after sequential acid hydrolysis
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and thermolysis (Scheme 100a). However, if the acid treatment is omitted and the
alkoxide is directly heated in refluxing THF, a ring-expansion takes place and leads to
a-phenylselenenylated cyclopentanones by the exclusive migration of the more-
substituted carbon atom (Scheme 100b-e). The formation of an a-selenenylated
cyclopentanone rather than of cyclopentanone itself may account from the reaction
of the last compound with a seleninyl species formed concomitantly. Cyclopen-
tanones have been finally produced by treatment of the phenylselenenylated ketones
with aluminium amalgam (Scheme 100b-e). The synthesis of various substituted
cyclopentanones (Scheme 100) including cuparenone (Scheme 100¢) from cyclobu-
tanones has thus been achieved in good yields by this two-step sequence.

4.5.2.4 Conclusion

It is interesting to point out that the combination of cyclopropane and cyclobutane
chemistry has allowed 133 the synthesis of all three regioisomers of cuparenone
possessing a cyclopentanone bearing two quarternary centers in the vicinal position
from p-methylacetophenone and a-selenoalkyllithiums (Scheme 98). It can be noted
than o-Lithiocyclopropyl sulfides or a-lithiocyclopropyl selenides are particularly
suitable when a nonalkylated cyclopropane ring is needed '*%), whereas o-lithio-
a-bromo cyclopropanes are the reagents of choice '3>2%* for the introduction of the
polyalkylated cyclopropane moiety.

The very high nucleophilicity of a-heterosubstituted o-lithiocyclopropanes and of
a-lithioalkyl selenides, even those bearing two alkyl groups on the. carbanionic
center, permits the stepwise construction of a cyclopentane ring possessing several
quaternary centers in vicinal positions with respect to one another by two succes-
sive ring expansion reactions from a suitably functionalyzed cyclopropane '3%22
(Schemes 98, 101). This feature has been used by Fitjer *% for the synthesis of
permethyl cyclobutanone, permethyl cyclopentanone, and even permethyl cyclohexa-
none, as well as for the preparation of previously unknown permethylcyclohexane.

5 Summary

a-Selenocyclopropyllithiums, a-selenocyclobutyllithium, and a-silylcyclopropylli-
thiums are versatile and easily prepared intermediates which allow a large variety
of reactions. Some permit the formation of functionalized derivatives which still
posses the strained ring present in the starting materials, such as alkylidene cyclo-
cyclopropanes and alkylidene cyclobutanes, cyclobutenes, functionalized vinylcyclo-
propanes and vinylcyclobutanes as well as oxaspirohexanes. The strain present in the
small ring systems can also be released. This has been used, inter alia, for the
synthesis of cyclobutanones from cyclopropyl derivatives and cyclopentanones from
cyclobutyl derivatives. The process can be repeated in some instances to homologate
cycloalkanones. Cyclobutyl derivatives also allow the synthesis of dienes, inculding
2-functionalized ones. Allylidene cyclopropanes have been found powerful partners
in Diels-Alder reactions.
All these compounds can themselves be used in further transformations.
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The tremendous potential of cyclopropenes and methylene-cyclopropanes as multifunctional reagents
in organic syntheses has only been recognized in the last decade. The use of transition metal
catalysts allows an effective control of their transformations enabling highly selecitive syntheses
ranging from three- to sevenmembered carbocycles. The activities in this field are summarized in this
review for the first time with an emphasis on the preparative aspects of this work.
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1 Introduction

Some 15 years ago, convenient syntheses of methylenecyclopropane !~ organo-
substituted methylenecyclopropanes ® and organo-substituted cyclopropenes’ 1%
have been developed. Most of these highly strained molecules are surprisingly stable.
For example, methylenecyclopropane (b.p. 11 °C), which is now available on a kilo-
gram scale ¥, can be stored in a cylinder at room temperature for several years
without significant decomposition. Therefore these molecules are not only suited for
mechanistic studies but also for synthetic applications. Cyclopropenes and methylene-
cyclopropanes are potentially multifunctional and thus should be very versatile in
organic synthesis (cf. Fig. 1).

N A

y f
A A

/\/ \.A .)K/ \%

Fig. 1. Synthons derived from cyclopropenes and methylenecyclopropanes via transition metal
catalysis (dipolar structures not considered)

The general tendency of three-membered heterocycles, to react via open chain
(1,3-dipolar) isomers '*-'?, is less pronounced for three-membered carbocycles.

Thus, the traditional organic chemistry of cyclopropenes and methylenecycloprop-
anes is mainly that of reactive alkenes 1315128 This drawback, however, can be
overcome by the use of suitable transition metal catalysts.

Moreover, modification (tailoring) of these catalysts allows a fine tuning of the
selectivity of the reactions which is almost unique in organic synthesis. As an example
par excellence, one may consider the cyclooligomerization of 3,3-dimethylcyclo-
propene. In the presence of phosphane-modified Pd(0) catalysts, the cyclopropene
is cyclotrimerized quantitatively and stereoselectively, whereas with the aid of
phosphane-free Pd(0) catalysts a single cyclodimer is obtained in high yield.

The synthetic potential of transition metal catalyzed transformations of unsaturated
three-membered carbocycles has just begun to emerge. Selective cycloaddition methods
providing three- to eight-membered rings of different functionality are available.
The cooligomerization of methylenecyclopropanes with a number of heterocumulenes
to give heterocycles has only recently been uncovered and is another exciting aspect
of the chemistry. Ring-opening reactions can either be used to build up new carbo-
cycles or to synthesize open-chain polyenes in one step. Although our understanding
of the mechanistic details of these catalytic processes is far from being complete, it is
high time for a comprehensive review of the field. In the following we will discuss
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the results obtained so far with an emphasis on the preparative aspects. One of the
goals of this article is to propagate the use of cyclopropenes and methylenecyclo-
propanes as low-cost, multifunctional reagents. Since the handling of air- and moisture-
sensitive compounds is common practice nowadays, the combination of transition
metal catalysts with strained three-membered carbocycles opens new perspectives for
selective C—C and C—X bond formations.

2 Reactions of Cyclopropenes

2.1 General Considerations

Preparation 1~ %) and properties >~ '7 of cyclopropenes have been reviewed exten-
sively together with different aspects of their chemistry 121318723 We thus can focus
our attention to selected aspects which are of importance to the topic of this
review.

In most cases, cyclopropene and its derivatives are easily prepared **. Especially
the 3,3-disubstituted cyclopropenes can be obtained on a multigram scale in a two-
step process 2429 with overall yields as high as 80% (Eq. 1)

RFR NaN(TMs), R\ R R_R’
\f + CH,Cl, 2 K KO1Bu/ DMSO Z '6))
Cl
{70-80% overall)
. 32 gilsy gliiss 3 2ERss W25

For the preparation of the higher boiling cyclopropenes dehydrohalogenation of
the monobromocyclopropanes 2 at ca 40 °C has been found to be the most conve-
nient method ?®,

Cyclopropenes are highly strained and thus very reactive molecules. Cyclopropene
itself, first reported 2% in 1922, is a potentially explosive gas (b.p. —36 °C) which
tends to polymerize even below 0 °C. 1-Methylcyclopropene (b.p. 8 °C) dimerizes
within minutes at room temperature via an ene reaction 30,31 (Eq. 2), but can be stored
at —78 °C for several weeks.

LGP — Xy

(« 2isomers)

In contrast, 3,3-dimethylcyclopropene (b.p. 14 °C), which cannot undergp an ene
reaction, can be heated in a sealed tube for several days at 100 °C without significant

decomposition 2. o
Introduction of an internal double bond into the cyclopropane ring increases the
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strain of the o-frame work. The calculated strain energy of cycloprope.ne is
228 kJ/mol 3¥. A main factor is increased angular strain, as can be seen by looking at
the bond angles: C(1)-C(3)-C(2) 50.4°, C(3)-C(1)~C(2) and C(3)-C(2)-C(1) 64.8°
(cf. Fig. 2).

1.510(2) 1.294 (10)

Fig. 2. Structural data of cyclopropane * and 3,3-dimethylcyclopropene ¥ as established by electron
diffraction and microwave spectroscopy, respectively

Thus the molecular o-frame work is one source of destabilization and release of
strain should be a driving force in the reactions of cyclopropenes.

Cyclopropenes are known to be very reactive dienophiles **. Cycloaddition across
the double bond reduces the ring strain by 109 kJ/mol *”, In the gas phase
(350 °C) cyclopropene rearranges to propyne. Calculations 3® dealing with this ther-
mal ring-opening reaction suggest that the activation energy lies between 159 and
176 kJ/mol. The lowest-energy pathway involves simultaneous ring-opening and
methylene rotation to give a planar 1,3-diradical state which then can decay to the
singlet and triplet carbene states with the latter being more stable by 50 kJ/mol

(Eq. 3).
A:ﬁi"_c.{\:_.\\_}m. = 3

This ring cleavage is, in fact, reversible >, and many cyclopropenes have been
synthesized via vinylcarbenes generated from various precursors.

In order to make use of the (potential) multifunctionality of cyclopropenes (cf.
Fig. 1) in synthesis, their reactivities have to be tuned. All efforts to achieve this goal
finally focussed on the use of transition metal catalysts. Before we discuss the
various transition metal catalyzed reactions of cyclopropenes in detail, we will briefly
summarize their stoichiometric reactions with transition metal complexes (Scheme 1).
These may be regarded as equivalents of important elementary steps in a catalytic
cycle. Four different types of reactions have been observed. Reactions at the double
bond involve
(1) n-complexation and
(2) oxidative addition. Ring-opening can occur between C* and C? as well as between

C! and C2. n-Complexation of a cyclopropene double bond is accompanied by
release of ring strain, as can be seen by looking at the bond angles in
(PPh,),Pt(n?-1,2-dimethyl-cyclopropene) (1) (cf. Fig. 3).
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Scheme 1. Selected stoichiometric reactions of 3,3-dimethylcyclopropene with tranmsition metal
complexes

1
(PhsP), Pt ;Ds

1

Fig. 3. Selected structural data of compound / as established by a three-dimensional X-ray analysis *¥
C(1)-C(2) 1.50(1), C(1)-C(3) 1.55(2), C)—C(3) 1.54(1) A, C(2)—C(1)-C(3) 60.9(8)°, C(1)-C(3)-C(2)
58.1(7y°

These values are relatively close to the ideal value of 60°. The C=C double bond is
lengthened to 1.50(1) A. The complexation is reversible and the cyclopropene can be
recovered. Therefore, such complexes have been propagated as cyclopropene
storages *%’. The second important type of reaction is that of oxidative coupling. Two,
three or four cyclopropene units couple with the metal to give metallacycloalkanes of
different ring size. An interesting structural feature of these metallacycles are alternat-
ing C—C bond lengths within the metallacyclic ring. As an example, selected structural
data of Bis(dimethylphenylphosphane)-3,3,6,6,9,9,13,13-octamethyl-11-pallada-anti,-
syn,anti,syn-pentacyclo-[10.1.0.0.240.>70%1%|tridecane (2) are given in Fig. 4. The
C—C distances within the cyclopropyl rings are 0.3 A longer than the remaing C—C
bonds within the metallcyclic ring. This is probably due to conjugative effect induced
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c26
c25 ~/

Cig

Fig. 4. Selected structural data 5 of compound 2: Bond lengths A: Pd—C(1) 2.085(3), Pd—C(20)
2.083(3), C(1)-C(5) 1.527(4), C(5)-C(6) 1.494(4), C(6)-C(10) 1.522(4), C(10)-C(11) 1.490(4), C(1 1)~
C(15) 1.524(4), C(15)-C(16) 1.491(4), C(16)-C(20) 1.520(4). Bond angles [°]: C(2)-C(1)-C(5) 59.1(2),
C(1)-C(2)-C(5) 60.1(2), C(1)-C(5)-C(2) 60.8(2)

by the unsaturated character of the cyclopropyl groups. The bond angles within the
three-membered rings are very close to the ideal 60° values.

All these metallacycles undergo reductive eliminations under different conditions
to give the respective cyclic hydrocarbons. The role of metallacycloalkanes as catalytic
intermediates has recently been discussed elsewhere .

Ring-opening between C! and C? has been observed in reactions of cyclopropenes
with iron 674, manganese *¢ 5, and molybdenum 3!-%?. Vinylcarbene complexes
or metallacyclobutenes as the primary reaction products have not yet been isolated
but could be “trapped” e.g. with CO to give vinylketene complexes “°~4% or by
formation of an allyl-bridged dimolybdenum complex *). However, with 1,2-di-
phenylcyclopropenone a platinacyclobutenone 3 as a direct ring-opening product
could be isolated 5 (Eq. 4).

0 0
Ph
(PhSP’ZPt ..... ‘ + m (Ph3p)zpf y/ Ph (4)
PH Ph Ph
Ph

3
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Only one example of ring-opening between C' and C? has been published so far 5
(Eq. 5).

M X i
!
(C5M85) Rh{rRh [C5Me5) W { (C5M95) thi Rh (C5M65) }

0 Co

&)

Rh M
(CsMe5)/

(100°%.)

It should be noted that most of the reactions of cyclopropenes with transition
metal complexes proceed at room temperature or below.

2.2 Synthesis of Cyclic Hydrocarbons

2.2.1 Three-Membered Rings

Cyclopropenes may serve as starting materials for the preparation of three-membered
carbocycles in two different ways, as indicated by the arrows below:

}
o = v G2

The first possiblity involves a stereoselective 1,2-addition to a cyclopropene double
bond. The second consists of an “in-situ” generation of vinylcarbenes followed by a
[2+ 1]-cycloaddition reaction.

1,2-Additions to the double bond of cyclopropenes have recently found consider-
able attention from both a synthetic and a mechanistic point of view. For example,
Lehmkuhl et al. ” have developed a stereoselective synthesis of chrysanthemic
acid via a 1,2-Grignard additién to 3,3-dimethylcyclopropene. Nesmeyanova et
al. *® have found that the bromination of 3,3-dimethylcyclopropene possibly proceeds
via a concerted, electrocyclic trans-addition.

Transition metal catalysts allow stereoeselective cis-1,2-additions without having
to deal with undesired byproducts such as magnesium salts. As an example, stereo-
selective functionalization of 3,3-dimethylcyclopropene can be achieved via cotri-
merization with methyl acrylate in the presence of ligand-modified nickel(0) catalysts,
to give the cotrimers 4, 5 and 6 in high yields *® (Eq. 6).

Yields and product distribution strongly depend on the nature of the ligand L where
L is a phosphane or phosphite (cf. Table 1). With the bulky phosphane P(iPr),(tBu)
only 6% of the 1,2-addition products 4 and 5 are obtained, the main products being
2:1 cyclocotrimers 6 of 3,3-dimethylcyclopropene and methyl acrylate (see p. 85).
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Nifcod)y /L. (1/1)

K+ 2o : =~ C0,CHy
>3 40°C 0,CH,
5
CO,CH,
6

This result may reflect a hampered B H elimination in the organonickel intermediates.
With other phosphanes or phosphites the yields of 4 and 5 range from 56 to 86 %,. The
data collected in Table 1 reveal that there is no simple correlation between product
distribution and basicity or cone angle 5 of L.

Table 1. L—Ni(0) catalyzed cotrimerization of 3,3-dimethylcyclopropene with methy! acrylate:
dependence of the product distribution on L

L tor Oy, yields (%)
fem™ [’
4 5 6 z

P(C,H,), 56 132 76 10 6 9
P(iPr), 31 160 12 50 17 79
P(c-C.H,,); 03 172 13 66 6 85
P(iPr),(tBu) 2.0 167 3 3 67 73
P(CH,— C,H,), 103 160 8 13 R 93
P(C,H,),CH, 112 136 9 1219 80
P(C.H,), 129 145 37 26 17 80
P(O—C,H,), 20.4 109 52 17 31 100
P(O—iPr), 19.8 130 51 5 32 88
PO—C,H,), 292 128 78 310 91
P(O-0-C,H,C,H,), 289 152 48 s 2 79

Franck-Neumann et al. ®” have succeeded in preparing cis-chrysanthemic acid
methyl ester (8) by selective catalytic hydrogenation of the corresponding cyclo-
propene derivative 7 (Eq. 7).

_/<—E—COzCH3 * (CH3),CN,
hv

l )]
>_A . H2 cat.
- CO,CH,y — CO,CH,
7 8
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The rhodium(I) catalyzed hydroformylation of cyclopropenes to give cis-aldehydes
has been mentioned %2

Among the methods at hand to synthesize cyclopropane derivatives, carbene addi-
tion to alkenes plays a prominent role ®3. As a source of vinylcarbenes, cyclopropenes
might be useful in this kind of approach. In 1963, Stechl was the first to observe a
transition metal catalyzed cyclopropene-vinylcarbene rearrangement ®9, When treat-
ing 1,3,3-trimethylcyclopropene with copper salts, dimerization occurred to give
2,3,6,7-tetramethyl-octa-2,4,6-triene (9), the product from a formal recombination
of the corresponding vinylcarbene (Eq. 8).

ho, sens. Z CuClt, rt. — _ (8)
(60%) —
S

s

In the meantime thermal ®> and metal catalyzed ®-57* rearrangements of cyclo-
propenes have been detected as convenient methods for the preparation of vinylcyclo-
propanes via formal [2+ 1}-cycloadditions of vinylcarbenes to alkenes (Eq. 9) (for an
alternative entrance starting from allylidene dichloride or 1,3-dichloropropene, see
Ref. 58,

4\.._ I
g*————g )

Some thermally unstable cyclopropenes are known, which react with olefines at
or below ambient temperature by ring-opening to give vinylcyclopropanes (Eq. 10) %,
Cyclopropenone ketals react with electron deficient olefines in the same manner, but
here an ionic mechanism is more likely 5°°.

Cl

Cl —
A + H,C=CH, E:C—’ X—< (10)

Cl Cl

The thermally more stable alkyl- or arylsubstituted cyclopropenes can undergo this
reaction type with the aid of transition metal catalysts under mild conditions. The
choice of a suitable catalyst strongly depends on the nature of the olefinic cosubstrate.
For electron-deficient alkenes, Ni(cod), (where cod = cis-cycloocta-1,5-diene) has
been found to be the best catalyst °®. Dialkyl maleates, dialkyl fumarates and methyl

R__R

RzgR' wg o |
p—aVaVal ——
v Ré_ 40-50°C, T (1D
R EWG
(40 -73%)
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acrylate react smoothly with 3,3-diorganylcyclopropenes to give the corresponding
vinylcyclopropane derivatives (Eq. 11).

The isolated yields range from 40 to 73%, the byproducts being isomers and
cyclodimers of the corresponding cyclopropenes as well as cotrimers. These byproducts
are easily separated by fractional distillation. The stereochemical course of the
codimerization of 3,3-dimethylcyclopropene with dimethyl maleate (Eq. 12) provides
some useful information on the nature of the reaction intermediates.

K+ /= Nileod)y ’ (12)
CB,CH, COCH;  (60%)
CB,CH; "CO,CHy
10

In a large number of carbene and carbenoid addition reactions to alkenes the thermo-
dynamically less favored syn-isomers are formed ¢, The finding that in the above
cyclopropanation reaction the anti-isomer is the only product strongly indicates that
the intermediates are organonickel species rather than carbenes or carbenoids. In-
troduction of alkyl groups in the 3-position of the electron-deficient alkene hampers
the codimerization and favors isomerization and/or cyclodimerization of the cyclo-
propenes. Thus, with methyl crotylate and 3,3-diphenylcyclopropene only 16 % of the
corresponding vinylcyclopropane derivative has been obtained. 2,2-Dimethyl acrylate
does not react at all with 3,3-dimethylcyclopropene to afford trans-chrysanthemic acid
methyl ester. This is in accordance with chemical expectations % since in most cases
the tendency of alkenes to coordinate to Ni(0) decreases in the order un-, mono-
< di- < tri- < tetrasubstituted olefines.

For the reaction of olefinic cosubstrates without activating groups copper(l)
catalysts have to be used (Eq. 13).

. e=c! R
\
A S §|
R'Zga (PhO)3P-CuCl, CH,ClL, (5-72%)
~40°C ~++20°C R (13)
— g =_AR
R

R : CHs
R': CHy , A
N/ @
C=C_ 1 HyC==CH-=C/Hg , HC==CH—CsHy, , H,C=C(CH3), , g :
/ N\ CHy

With hexene-1 and heptene-1, the yields of vinylcyclopropane derivatives are
rather low (5-10 %), the main products being the corresponding hexatriene derivatives.

With the other alkenes listed above, the yields of cyclopropanation products range
from 55 to 779 7.
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An interesting finding is the predominant formation of syn-isomers by monocyclo-
propanation of cyclopentadienes 6. This is what one would expect when carbenes
or carbenoids are involved 3. Also one isomer is found in the codimerization of 1-
propyl-cyclopropene-3-carboxylate (/1) with norbornadiene (Eq. 14).

b AN e /&}
+ e
CGH, CO,CH, 2 (60 =C0CH;  (14)

CqH
n 2 7
(Z:E=15:1)

In the presence of CuCl, exo-3-tricyclo[3.2.1.0?*Joctene-6-yl-3-hexene-2-oic acid
methyl ester (12) is isolated after TLC in 609 yield (Z: E = 1.5:1) %", This is com-
parable to the course of the cyclopropanation of norbornadiene with both the
Simmons-Smith reagent and diazomethane-CuCl. In both cases the exo-anti route
is favored over the exo-syn ®3. It is important to notice, that in the above mentioned
nickel(0) catalyzed reactions (Eq. 11) hexatriene derivatives have never been observed.

2.2.2 Four-Membered Rings

It has already been mentioned that cycloaddition across the cyclopropene double
bond reduces the ring strain by about 109 kJ/mol. [2+2] cyclo- and -codimerizations
of cyclopropenes should therefore be thermodynamically favored processes (see also
Sect. 3.2). Indeed, when catalyzed by Zeolites 7%, Lewis acids 7" and transition metal
complexes 37277 gnti-tricyclo[3.1.0.0**hexane derivatives can be synthesized
efficiently (Eq. 15).

f R . R R RUR g
2 cal. or hy . 15
A . -35-40°C A ( )
R R" g7 R R" R™ R

In most cases, the cyclodimerizations proceed smoothly under mild conditions and
in good to excellent yields (cf. Table 2). In the presence of phosphane-free Pd(0)
catalysts some cyclotetramerization occurs besides cyclodimerization ’>™ (see
p. 97).

The anti-configuration of the tricyclohexane derivatives has been deduced from
NMR-spectroscopic data ’" and may be compared with the molecular geometry of
a photodimer of methyl 1,2-diphenylcyclopropene-3-carboxylate that has been deter-
mined by X-ray analysis "®. A (bridged) syn-tricyclohexane derivative /4 has been
obtained via intramolecular [2+2]-cycloaddition 7® of the destabilized diene 13
(Eq. 16), catalyzed by a metathesis catalyst.

(CHy)g (CHy)g

PhWCl3/Al Cly

(16)

13 14
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Table 2. Summary of catalytic {24 2}-cyclodimerization reactions of cyclopropenes (cf. Eq. 15)

entry catalyst R R’ R” yield (%) Ref,
1 zeolite H H H 97 o
2 zeolite CH, H H 96 0
3 zeolite H H CH, nd. i
4 BF,OEt, CH, CH, H 83 7
5 BF,OEt, CH, CH, H 31 )
6 BF,OEt, CH, C,H, H 70 b
7 BEt, CH, CH, H 58 i
8 AICL,OEt, CH, CH, H 91 ™
9 AIEt,OEt, CH, CH, H 81 ™
10 (n*-C,H,)Co(cod) CH, CH, H 40 72)
11 “Pd(dba),” CH, CH, H 80 7%
12 “Pd(dba),” CH, CH, H 82 7
13 “Pd(dba),” CH, GCH, H 7 7
14 “Pd(dba),” —(CH,); H 53 74
15 PdCl, H H CH, ca.23 30
16 [(n*-C,H,)PdCl], CH, CH, CH, 10 30)

cod = cis-cycloocta-1.5-diene
dba = dibenzylideneacetone

1,2-Disubstituted cyclopropenes do not react in the above sence. 1,2-dimethyl-
cyclopropene polymerizes at 0 °C in the presence of [(n’-C,H,)PdCl], 3. 1,2-
Diphenylcyclopropene cyclodimerizes nearly quantitatively in the presence of
“Pd(dba),” or Pd(n’-C,H,)(n*-C,H;) to yield 1,2,4,5-tetraphenyl-cyclohexa-1,4-
diene "? (see p. 96).

Catalytic codimerizations between cyclopropenes and alkenes (or alkynes) to give
four-membered rings have only been achieved with 3,3-dimethyl- and 3-cyclopropyl-
3-methylcyclopropene on the one hand and norbornene or norbornadiene on the
other (stereochemistry not determined) 7”:

(Ph4PYCuCl or
b Zg (PhO):;P CuCl
CHZC

~35es2500 TR 17

R= —<] :90%

R= CHj3 : 20°%

1-Methylcyclopropene is reported to react with activated alkynes at —30 °C via
an ene reaction to give vinylcyclopropene derivatives 3. In the presence of silver
perchlorate, bicyclopropenyl derivatives such as 15 isomerize to bicyclo[2.2.0]hexa-
2,5-diene derivatives (e.g. 16), which can be isolated 7879,

Ph

o Ph AgCl o,' mph AgClO, Phj@:Ph (18)
f t
as slow Ph Ph
Ph
5
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These rearrangements involve cationic argentovinylcarbene intermediates whereas
in the case of the Pd-catalyzed cyclodimerization reactions the intermediacy of
palladacyclopentanes has been proven (Scheme 1).

The trans-tricyclo[3.1.0.0?*Thexane derivatives, prepared according Eq. 15, are
easily isomerized by some Rh(I) catalysts to give frans-1,2- and 1,3-divinylcyclobutane

derivatives "2 (Eq. 19).
LTy e 09
ca. 60°C /4 *
/4

40% 60%
Rh(I) = CpRA(CH, =CH,),; [(CO),RhCI],

In contrast to these results the catalytic hydrogenation (PtO,/glacial acid) of these
cyclodimers occurs by cleavage of the bridging c-bonds of the three-membered ring
leading to cyclohexane derivatives in high yield (Eq. 20). These results are consistent
with the rules of Musso *®, but unexpectedly 3,3-dimethylbicyclo[2.1.0]pentane is
hydrogenated by cleavage of the cyclopropane ring in the neighborhood of the gem.
dimethyl group 5°%.

R

R

Hy R R

— 20
Ty XK 2

R

2.2.3 Five-Membered Rings

In recent years, cyclopropenes have been used successfully as starting materials for
the preparation of five-membered carbocycles. Three different approaches may be
envisaged:

1) isomerization of 3-substituted cyclopropenes (Eq. 21)

2) [24 2+ 1}-cycloadditions (Eq. 22)

3) [342}-cycloadditions (Eq. 23).

R3
1 —— 1“ A (21)
R / RY R Y R ,
X X=0, N-, C\

@ + 2 —— @)Z Z=CR,, C=0 @

. Q—x (23)
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The first approach has been realized in various ways. The second one only works
with the aid of transition metal catalysts, whereas the third one has been realized
so far only in the thermal reaction of cyclopropenone acetals with electron-

deficient alkenes %V,
In 1966, Komendantov et al. ®? were the first to observe a copper(l) catalyzed

quantitative isomerization of ethyl-1,2-dipropylcyclopropene-3-carboxylate to 2,3-
dipropyl-S-ethoxyfurane. This reaction principle has subsequently been extended to
a number of substituted cyclopropenes 8289 (Eq. 24).

r? r2

RB Cu(l) n
R’A( ca. 80% R0 R (24)

0

R!: #-CH,, CH,, n-C,H,, +-CH,
R?: CHj, n-C,H,, C;H,

R3: H, CH,, CH,C.H,, OC,H,
Cu(l): copper stearate

A bipyrrole 19 has also been obtained by treating the corresponding aldazine
18 with catalytic amounts of copper stearate *3 (Eq. 25).

Ph Ph
Ph
NyH, - Hy0 N Cu(t) PR N (25)
2 e i ————i [
N ~80% N_ _Ph
Ph Ph CH \ /
Ph
Ph Ph 9
18

With 2,3-diphenylcycloprop-2-ene-1-carboxylic acid (20) a 909 yield of 4,5-
dipheny!-2(3 H)-furanone (21) is obtained ® (Eq. 26).

Ph Ph
Cu(l) 26)
Ph%}// OH " Ttsom Ph”mo
20 0 21

The mechanism of these copper catalyzed isomerizations is not fully understood.
A concerted sigmatropic 1,3-shift as well as a biradical process have been proposed
but a decision between these two possibilities could not be made ®), Kinetic measure-
ments at least have shown that the reactions are not monomolecular and that the
reaction rates depend on the catalyst concentration.

Cyclopropenes bearing a vinyl or an aryl group in the 3-position easily undergo
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cyclopropene — cyclopentadiene (Eq. 28) and cyclopropene — indene rearrange-
ments (Eq. 29), respectively. These reactions are formally analogeous to the vinyl-
cyclopropane — cyclopentene rearrangement (Eq. 27), but the intermediancy of a
vinylcarbene has been proven in one case *°%.

% — D @n
“‘A) — O (28)

%}____ ___._ 29

The cyclopropene — indene rearrangement is a well known reaction which can be
affected by acid 7, heat 5-5°9 or irradiation 2. The first transition metal catalyzed
isomerization ¥ has been published in 1968 (Eq. 30).

Ph

/_f\ [(c,H,,)PtCI I q‘ KOHIEtOH “
CHC! ri, 13h
PR Ph ¥ G0

A number of catalysts have been tested and literatur survey up to 1980 has been
published. Silv r perchlorate has been found to be most effective * (Eq. 31).

Ph

Ph Ph AgClo,, CgH,
Ao gClo,, CgHg Q
- Ph
24 [18] A tt, a few minutes “f 3D
PR Ph {100%) Ph
24

{79] i>200°C

24

Another interesting class of catalysts for this rearrangement are palladium(0)
complexes, e.g. “Pd(dba),”. These complexes also catalyze the isomerization of
vinylcyclopropenes to cyclopentadienes ™ (Eq. 33).

R

Rzph " Pd{dba)y", toluene
35°C, 2h (32
R=CHy 70%
R=Ph: 85%
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r dto. Eg (33)
(66°%)
25

The [2+2+ 1]-cycloaddition approach to five-membered carbocycles has been rea-
lized in the case of the nickel(0) catalyzed co-trimerization of 3,3-dimethylcyclo-
propene with CO °") (Eq. 34).

K Ni(C0),, 60bar CO
20°C \ (CL))]

26 27
(54°) (24%)

In the presence of catalytic amounts of Ni(CO), the tricyclic derivatives 26 and 27
are obtained in 54 % and 24 9 yield, respectively, when 3,3-dimethylcyclopropene is
treated with excess CO at room temperature. The anti-arrangement of the three-
membered rings in 26 and 27 has been established by 'H-NMR spectroscopy °V.
Equation 34 represents the first example of a catalytic [2+ 2+ 1]-cycloaddition reac-
tion of two alkenes with carbon monoxide or a carbene unit, respectively 2. Other
cosubstrates than CO have not yet been examined.

2.2.4 Six-Membered Rings

Two strategies are conceivable to transform cyclopropenes into six-membered
carbocycles:

R D cat.

R
QWR _eat @j" 35)
bV
A:ﬁ cat. R
chIe' R
R

R R
~
~R cat. R R
q + R —— _—
-
& R R

R
L) = O 6o
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1) 2+2+ 2)-cycloadditions (Eq. 35)
2) [3+ 3]-cycloaddition (Eq. 36)

In theory, electrocyclic [2+2+ 2)-cycloadditions should be thermally allowed °%
and they are in most cases exothermic reactions *¥. Nevertheless, only a few examples
of thermally induced [2+ 2+ 2]-cycloadditions are known ®, the most prominent
g;(e)tmple probably being tite codimerization of norbornadiene with tetracyanoethylene

3 (Eq. 37).

m NC CN CgHg, reflux
m— et
' " c> <CN 30min (100%)  NCN__ZCN (37
NG ON
28

Compared with the Diels-Alder reaction, the [2+2+2}-cycloaddition is potentially
more powerful since the number of new bonds as well as chirality centers that are
formed is higher. Unfortunately, the reaction seems to be entropically or kinetically
unfavorable. This disadvantage can, however, be overcome by the use of transition
metal catalysts (templates). Among the most successful examples of this reaction type,
the nickel(I) catalyzed Reppe reactions °®, the cobalt(I) catalyzed cocyclizations of
o, m-diynes with alkynes ®7, the cobalt(I) catalyzed pyridine synthesis > and last but
not least the palladium(0) catalyzed cyclotrimerizations of 3,3-dialkylcyclopropenes
to trans-c-tris-homobenzenes must be mentioned. The latter has been known for ten
years %%,

In the presence of trialkylphosphane-modified Pd(0), 3,3-dimethylcyclopropene
is cyclotrimerized quantitatively and stereoselectively to give 3,3,6,6,9,9-hexamethyl-
cis,cis,trans-tetracyclo[6.1.0.0*0>"Inonane (29) *-°% (Eq. 38).

Z eg. "Pd(dba),"/PiPra (1/1) (38)
} CHg 20-30°C  (100%)

29

This method has been extended to other 3,3-disubstituted cyclopropenes ™. The
structure of 29 which has primarily been derived from spectroscopic data >, has been
confirmed by a three-dimensional X-ray analysis 1°”. The two syn-oriented dimethyl-
cyclopropyl rings impose steric strain on the molecule which faciliates the thermal
rearrangement to hexamethyl-trans-tricyclo(4.3.0.07-°]non-3-ene (30) ' (Eq. 39)..

200°C, 3n Hy,Raney-Ni
ko msn (g meee

29 30 37

It has been shown by ‘2C labelling experiments that this process proceeds via a
[c2+02+ o 2]-cycloreversion to give the corresponding cis,trans,trans-cyclonona-
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1,4,7-triene derivative followed by a [r’s + n’a]-cycloaddition between the two
strained trans double bonds %%,

In contrast to the thermal rearrangement of 29, Rh(I) compounds catalyze both,
ring-opening at the bridging o-bond and at the other o-bonds of the three-membered
rings. Whereas a cationic Rh(I) compound catalyzes a rapid isomerization to 1,3,5-
triisopropylbenzene, CpRh(C,H,), induces isomerization to compounds 3/a and
31p7,

[cod RR{PPhy),]CL O,
rt., 0.5h

e <40>
cpRh(CyH,),
23 60°C, 10h @L v @
3ia 31b
75% 25%

Catalytic hydrogenation of 29 on the other hand is in full agreement with the rules
of Musso 39, That means all three bridging c-bonds of the three-membered rings
are opened to yield 1,1,4,4,7,7-hexamethylcyclononane as the only product 72,

Catalytic 2: 1-cotrimerizations between cyclopropenes and alkenes as well as alkynes
are also known. It has already been mentioned (see Chap. 2.2.1) that a nickel(0)
catalysts — modified by the bulky phosphane P(iPr),(tBu) — favors the cocyclotri-
merization of 3,3-dimethylcyclopropene and methyl acrylate > (Eq. 41).

NiO)/P(iPr)y(tBu) (1/1) CO,CHy
2 K + > C0,CH, 40°C (88%) - éf “D

cis, trans - 6

Z . RCZCR Co(cod)
42

R R’ 32 33 34
H C,H, 70% - -
CH, CH, 849 3% —
H Ph 89 - —
H CO,CH, 67% 10% 5%
CO,CH, CO,CH, 31 29, -
CH, N(C,H,), 59% — -
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In methyl acrylate as a solvent the reaction proceeds at 40 °C to give a 889/ yield
of cis-, trans- 6.

With alkynes as cosubstrates satisfactory yields of cyclotrimers are obtained in
the presence of phosphane-free Co(I) catalysts, e.g: 1’-cyclooctenyl-n*-cycloocta-
diene cobalt(I). The main products are tricyclo[4.0.0*%]oct-2-ene derivatives 32,
sometimes accompanied by small amounts of the norcaradiene/cycloheptatriene
derivatives 33 and 34 (Eq. 42) 27.

Since selective methods for the preparation of cycloheptatrienes are still in great
demand '°» it might be worthwile to do further experiments and improve the
yield of the latter compounds in the above reaction.

A formal [3+ 3]-cyclodimerization of cyclopropenes via ring-opening (Eq. 36) to
give six-membered carbocycles has only been observed in the case of 1,2-diphenyl-
cyclopropene " (Eq. 43).

Ph  Ph
e.q. Pd(dbq)z
<( j> toluene, 40°C ;j (43)
fo
(95%) Ph Ph
35

The reaction is catalyzed both by Ni(0) and Pd(0) catalysts, the latter giving higher
yields. This transformation may occur by ring-opening as observed with some 1,2-
disubstituted cyclopropenones 9, but the intermediacy of a tricyclo[3.1.0.0>}-
hexane derivative cannot be fully excluded.

2.2.5 Seven-Membered Rings

Two approaches to seven-membered rings have been realized with the aid of transition

metal catalysts:
1) [3+2+2]-cycloadditions (Eq. 44)
2) [2+42+2+ 1}-cycloadditions (Eq. 45)

<\ \\\ cat. @ ( 44)

A

2o . 2 43)

v

The first approach has already been mentioned in the preceeding chapter and will
not be discussed further.

A [2+2+2+ l]-cycloaddition could be achieved in the case of the Pd(0) catalyzed
cotetramerization of 3,3-dimethylcyclopropene with carbon monoxide to give the
hexamethyl-o-trishomotropone 36 in nearly quantitative yield '°* (Eq. 46).
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“Pd(dba)y" 1 PiPrg (1/1)
3 X «co RARREL ) (46)

36

To our knowledge this remarkable reaction is the only example of a transition
metal catalyzed [2+2+2+ 1]-cycloaddition that has been discovered so far %2,

2.2.6 Eight-Membered Rings

This paragraph has only been included for the sake of completeness. [2+2+2+2]-
Cycloaddition products of cyclopropenes have only been obtained as side products
of the [2+2]-cycloaddition reaction. In the presence of phosphane-free palladium(0)
catalysts, 3,3-diorganylcyclopropenes undergo cyclotetramerization to give two iso-
mers in low combined yields 7> (Eq. 47).

R R
——— a: 76°%
b: 82°%
R’ R ¢ 71%

R__R d: 53%

% "Pd{dba),”

“4n

o)

R R ;
R_A /IR R

 SCR—— V"v' NS
RS v & =

2 12%

14%,

16%
: 15%

: R=R'=CHj

: R:CHalR':Csz
: R=R'=CpHg

: RR'= ~{CHy)-

0N oo
an oo

Thus the synthetic utility of this transformation is, at least at this time, somewhat
limited.

2.3 Synthesis of Open-Chain Hydrocarbons

Cyclopropenes can be used in the preparation of conjugated trienes via formal re-
combination of two vinylcarbene units (Eq. 48).

1
A A (48)

It has already been mentioned (see Chap. 2.2.1) that 1,3,3-trimethylcyclopropene
is dimerized under the influence of Cu(l) or Cu(Il) salts to give a 60% yield of
2,3,6,7-tetramethylocta-2,4,6-triene . In the case of tetramethylcyclopropene, the
Cu(I) catalyst has to be activated by acrylonitrile %®. Otherwise the alcohol 37 is
isolated (Eq. 49), indicating the intermediacy of a vinylcarbene species.

3-Cyclopropyl-3-methylcyclopropene and 3,3-dimethylcyclopropene undergo this
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reaction in CH,Cl, even at temperatures below 0 °C 4™ (Eq. 50) in “high yields”
{(stereochemistry unknown).

CuCl/H,0 CuCl e >_2—$_<

SuCUHa0

QM 50-55°C rt. exo(herm
{(16°%) (87°%) 39

37
(sov.)ll.so'c

Zigﬂ Rcihiicie <k{: =CH-CH=CH-CH=C| ~ (50)
>

(49)

~35— 20’C

R=CHy, —<

The synthetic potential of these transformation has not yet been explored.

3 Preparation and Reactions of Methylenecyclopropanes

3.1 Preparation and Properties of Methylenecyclopropanes

3.1.1 Preparation

During the past twenty years ' a number of efficient and straightforward syntheses
of the various types of methylenecyclopropanes have emerged (Scheme 2).

R. R
h N
0 +
b
M / :f':
CX2 < bsc R
+ K
+=
R
/
* 813 /R‘
RYR PPh, C=CC(_ + 10Xy
RH
A ;

Scheme 2. Retrosynthetic analysis of methylene- and alkylidenecyclopropanes
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These methods form the basis of the synthetic utilisation of methylenecyclopropanes
on a wider scope.

Methylenecyclopropane itself is best prepared by base catalyzed rearrangement of
methylcyclopropene which is formed by an intramolecular reaction of the vinyl-
carbene (Route a) generated from commercially available methallylchloride. The latter
was reported to react with NaNH, in anhydrous THF to give pure 1-methylcyclo-
propene in 409 yield '°7. Appropriate variations of the base and/or the reaction
conditions allow to prepare methylenecyclopropane in one or two steps, respectively,
and in 70% overall yield '~ (Eq. 51). Following the procedure given in Ref. 5),
methylenecyclopropane can be obtained even on a kilogram scale.

a)} KNH, /THF or A
b) NaNH,/NaO tBu I THF

:<‘ —_— TKOtBuIDMSO 6D
Ct
NaNH, / nBu,0 A A
— +
1:4

Extensions of this method seem to be limited to ethallylchloride from which
ethylidenecyclopropane can be obtained in an overall yield of 47% 7.

The best method for the preparation of ring-alkylated and -arylated methylene-
cyclopropanes proves to be the dehydrochlorination of 1-chloro-1-methylcycloprop-
anes (Route b). The latter are easily obtained from alkenes and 1,1-dichloroethane
in the presence of a -uitable base ® (Eq. 52).

CL,CH-CH A l
]2 X 33 nBuLi/Ety0/-30°C or Fg r3 KOtBu R R3 (52)
R R™ NaN(SiMey),/0°C R2>K<R,. DMSO 92>A<

o ’

These reactions are limited to 1,1-dichloroethane as a carbene source, since higher
homologues give poor yields (e.g. 15% in the case of 1,1-dichloropropane). All
kinds of alkylated and arylated alkenes as well as conjugated and non-conjugated
dienes may be used as carbenophiles. In all cases, the stereochemistry of the alkene
is retained. Carbonyl groups attached to the alkene must be protected 1°®). Starting
with 1,1-dihalo- or 1-halocyclopropanes (halogen = Cl, Br), good yields of methylene-
cyclopropanes via dehydrohalogenation are only obtained, when the three-membered
ring is alkylated in the 2- and 3-position 1°~112) (Eq. 53-56).

CoHs
ol KO tBu/DMSO (53)
(80-90%) =

Rr? R4

CoH
¢ 2Hs
Ct KO tBu /DMS0 A\/\/
= (30%) A (54)
cl
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8 _KOtBu/DMSO
TY I (55)

KO tBu/OMSO
/& (861 & (56)

The starting materials are best prepared by the method of Makosza ¥ (for
dihalocyclopropanes) or via halocarbene addition to alkenes !'¥.

Another attractive method for the preparation of ring-substituted methylene-
cyclopropanes is the alkylation of lithiated methylenecyclopropane 1'%, Until now,
only trimethylsilylated 116-*'? (Eq. 57) and a-hydroxyalkylated '3 derivatives
(Eq. 58) have been prepared in this manner. Methylenecyclopropanes with aryl
groups at the vinylic position undergo Ziegler-addition !*® of n-BuLi under surpris-
ingly mild conditions '? (Eq. 59).

A + nBuli —» A"-.“ LN A/TMS (57
R
. oC=0
iLi R”
A + nBuli — A ' ——— A\C/OH (58)

R/ \RI

X VT Gl S e (59

&)

For a successful preparation of alkylidenecyclopropanes, two different strategies
are available.

Wittig olefination of aldehydes and ketones with triphenylcyclopropylidenephos-
phorane (Route c) leads to a wide range of (organylmethylene)- or (diorganyl-
methylene)-cyclopropanes in satisfactory to good yields ** (Eq. 60).

RD
© bcse /C 0
[PhyP +CH, +8r1° Br D=PPh; ———= D% (60)

H’, R’ = Ph; R = R’ = Py ¥
Et, R’ = Bu 2

_ _(CH ) 120¢, d)

CH,, R’ = COCH, 12"

3

TR
n oIl

The olefination of cyclopropanone hemiacetales with alkylidenephosphoranes has
also been published **V but the yields are rather low.

The second strategy (Route b 4 ¢) appears to be more versatile since it also
provides ring-substituted alkylidenecyclopropanes in an easy way. The key-step in
this sequence is a Peterson olefination, starting with 1,1-dibromocyclopropanes 122 -¢)
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1,1-bis(phenylseleno)cyclopropanes 1229 or 1,1-bis(phenylthio)cyclopropanes 22

(Eq. 61).

R! R R
™S Cl X nuy Cxge

J——

R3
R? ™S 2 R,‘,c:o r? ™S

R R
>><X LY >><X lKH (61)
. ] 4 R3
R? X R? Li 3 . R
R co R X R2 4
: 1) TMSCi "
RZR3-F7OH 2) Buti

Rk

R' - R* — H, Alkyl
X = Br 1225—4:)’ SePh 122(:), SPh 1224)
Y = C,H, 1?2*~9, 1-(dimethylamino)naphtalenide *??9

Monoaddition of carbenes or carbenoids to allenes (Route d) has also been achieved,
but addition of two carbenes to give spiropentane derivatives is difficult to avoid.
Examples of successful applications of this approach are dihalocarbene additions to
substituted allenes > (Eq. 62) to give dihalomethylenecyclopropanes in good
yields.

KO tBu X
— + H _———
= CXs \ A ( .

X
X=Cl, Br

Copper-catalyzed 1242~ or light-induced '?*¢~9 decompositions of diazoalkanes
in the presence of allenes result in the formation of spiropentanes as the main
products. Some reports have been published concerning the addition of unsaturated
carbenes to alkenes to give methylenecyclopropanes (Route b) 12, Unfortunately,
this method seems not to be practicable for preparations on a somewhat larger scale.

3.1.2 Properties

Methylenecyclopropanes are highly strained molecules *”. Nevertheless, they are
perfectly stable at ambient temperature and even some naturally occurring com-
pounds (e.g. hypoglycin A 129 contains a methylenecyclopropane unit. They have
therefore attracted considerable interest both in mechanistic 127 as well as synthetic
studies 12%),

The molecular structure of methylenecyclopropane has been determined by micro-
wave spectroscopy '?” and may be compared with that of 1-(diphenylmethylene)-
cyclopropane, which has been established by a three-dimensional X-ray analysis 9
(Fig. 5).

The exocyclic double bond imposes steric strain on the three-membered ring which
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. Ph Ph
1.3317(14) 1,323(2)
{1
O
1.4570 (14) 1.450(7) 1.482(7)
1510(2) 2 1.5415(3) 3 1.528(15)

Fig. 5. Structural data for cyclopropane ¥, methylenecyclopropane ** and 1-(diphenylmethylene)-
cyclopropane 3%

is reflected by a lengthening of the C(2)-C(3) bond (compared to cyclopropane)
to 1.5415(3) A, and an increase of the C(2)-C(1)-C(3) angle to 63.9°.
The spectroscopic data of methylenecyclopropane and some of its derivatives have
been published: NMR 139 IR 1*2 Raman 329, microwave 12, UV 139 and PE 134,
It is now commonly accepted that most carbocycles are strained to some degree.
One might anticipate that the absolute strain energies calculated for a given set of
related molecules are directly proportional to their reactivities. Unfortunately, the

Table 3. Strain reliefed upon hydrogenation of double bonds in various strained hydrocarbons
(kcal/mol) 3%

D A
Joox
A . %
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situation is much more complex. As an example one may consider the three smallest
propellanes, [2.2.1}-, [2.1.1}- and [1.1.1}-propellane 13, All three compoundg !1'f1ve
about the same strain energies but very different thermal stabilities and reactivities.
This is due to a different degree of relief of strain upon homolytic cleavage of the
“strained”’ C—C bond. Thus the strain energies of the intermediates (in the above case
the corresponding diradicals) are of equal importance 1*®). Especially in transition
metal catalyzed reactions this point is of great importance. The most reliable source
of information about the relative reactivities of unsaturated (olefinic) carbocycles is
probably the strain relieved upon hydrogenation of the double bond (Table 3).

According to the data in Table 3 the reactivity of methylenecyclopropanes should
lie somewhere between that of norbornene and a cyclopropene. In practice, the situa-
tion is even more complex (and sometimes puzzling) because there are three
different “‘strained” bonds within a methylenecyclopropane: C(1)}-C(4), C(2)}-(3)
and C(1)-C(3). Moreover, little is known about the strain energies of the organo-
metallic intermediates involved in transition metal catalyzed reactions of methylene-
cyclopropanes.

Methylenecyclopropanes readily rearrange by cleavage of the C(2)-C(3) bond,
propably via a perpendicular singlet trimethylenemethane diradical (TMM) (Eq.
63) 137, 138).

A 2 Hw’f JANS
- /'\ - (63)

This perpendicular singlet TMM is calculated to be 8.4 to 25 kJ /mol more stable
than the planar singlet TMM ', Upon y-irradiation the TMM diradical can be
generated even at —196 °C and observed spectroscopically 1% (Eq. 64).

80¢o, -196°¢C
A 3= (64

Methylenecyclopropanes also undergo reactions characteristic for reactive olefines,
such as electrophilic additions, radical additions, additions of carbenes and nitrenes
as well as the various other types of cycloadditions (Scheme 3.

The latter are of special synthetic interest since they result in the formation of two
new C—X bonds (X = C, NJ. As shown in Scheme 3, thermally induced cycloaddi-
tions can only be achieved at high temperatures or when the methylenecyclo-
propane or the cosubstrate are activated by strong electron-withdrawing groups. such
as halogen or CN. As will be outlined in the following chapters, a number of cyclo-
addition reactions of methylenecyclopropanes can be achieved under moderate condi-
tions and in satisfactory to good yields in the presence of suitable transition metal
catalysts.

But before we are discussing the results obtained so far in this area, we will briefly
summarize the types of stoichiometric reactions that methylenecyclopropanes undergo

with transition metal complexes. The following reactions have been observed (Scheme
4):
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a
LiJ, CH,Cly
(100°)
50 7 -
%Br
%2 : 8 2~, 180°C, 12h NBS /H ;0
reroop | MCPBA  0=107C, 1hy 1.2 ‘
R,R=(CHy)y; R=H = eHp (80°%) R=R'=H
fea) |- 272 {162]

{146] 20°C

(48%)

Ph Ph R R
P 4 °C (35 N-CO
. o TCNE, 100°C, 3d . {N-COpMe, 0°C(35%) X Me
net_Jon — ,
R=H, R=Ph [14 =R'=
NG N 5 [145] R=R=H [128a]
NC CN NC CN R
{45°) (35%)
“~Z, 80°C,

60h

R=Ci, R=H R=R'zH
f144] {128¢]

(84%%) ) [143] (76°%)
tv, - 65°C

0

230°C, Sh
{0 R=R=H ’
(72%)

o??
OO

Scheme 3. Selected organic reactions of methylenecyclopropanes

1) n-Complexation of one 47714 or two '*® methylenecyclopropanes leading to
complexes of Type I or 1L

2) Ring-opening between C(1) and C(2) to give 1,3-diene complexes 3% 131 mostly
via L.

3) Ring-opening between C(2) and C(3) to give trimethylenemethane complexes 111
153,154) In some cases the intermediacy of I could be proven **%.

4) Chloropalladation to give allylcomplexes of Type IV 5%,

5) Oxidative coupling to give metallacyclopentanes V 157 158) Here the n-complexes I1
should be the precursors, which has been confirmed in some cases **7).

For catalytic transformations of methylenecyclopropanes so far nickel{(0) and
palladium(0) complexes have been used successfully. From the metal complexes men-
tioned in Scheme 4, the Types I, II, 111, and V play important roles as intermediates
in cyclo- and cooligomerization reactions whereas the Sequence I — V1 is responsible
for isomerizations.
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lML‘,’_>
@

[1501] M= Fe(0), Ni(0)

M= Ni{0}, +D= M= Fe{Q)
(M1 f153]
{158] @ 153
n=1
{147,148,149] | M= Fe(D), Ni(0), Pa(0),
Pd (11}, Pt(0} \
nx

n= M= Fe(0

; Rh(l Mo(o) Mo(I1)
. M= Co()Ni{0) M1$ ot R e A o
(157} « {158] [

LER
M= PdCI,

(155]

Scheme 4. Reaction types of methylenecyclopropane with transition metal complexes

3.2 Synthesis of Four-Membered Rings

Among the numerous ways to prepare C,-rings !> the [2+2}-cycloaddition of two
multiple bonds appears to be the most direct approach and potentially the most
powerful one. Corey’s caryophyllene synthesis may serve as a prominent example 169
(Eq. 65).

0 0
T O A0 ==Y
(46%,) —

There are, however, some severe drawbacks associated with [2+ 2]-cycloadditions;
although an in depth discussion of these is beyond the scope of this article, the
mayor ones will be mentioned briefly. Thermal [2+ 2]-cycloadditions are essentially
limited to a few cases. This is due to the fact that the cycloaddition of two alkenes in
a [n’s + n’s] manner violates the rule of conservation of orbital symmetry 161,
On the other hand, a [n*s + w’a] mechanism, though symmetry allowed, is unlikely
because of the twisting energy necessary to obtain overlapping in the transition state
(ketenes and other linear molecules can react by this mechanism because the twisting
energy can be minimized). Thus these reactions are usually carried out at high
temperatures (100 to 230 °C) and under pressure, reflecting a diradical (or dipolar)
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mechanism. Some of the drawbacks of this approach can be overcome by photo-
chemical excitation. In this case a greater variety of alkenes (though by no means all)
can be brought to reaction under mild conditions. Unfortunately, a clean and
high-yielding photochemical [2+ 2]-codimerization is the exception rather than the
rule 192, In the late sixties, Mango introduced the postulate that [2 +2}-cycloadditions
should be symmetry allowed in the presence of transition metal catalysts (“forbidden-
to-allowed catalysis™)* For instance, the Ni(0) catalyzed cyclodimerization of 1,3-
butadiene to cis-1,2-divinylcyclobutane was considered to be a suprafacial concerted
process '®3®. Shortly thereafter, experimental evidence was obtained which ruled
out such a mechanism !5, Further studies revealed that all transition metal catalyzed
[2 +2]-cycloadditions, yielding cyclobutane derivatives, proceed stepwise via metall-
acycloalkanes as intermediates 16 166:16") Recently, Hoffmann et al. have pointed
out that the formation of these intermediates as well as their transformation into the
products can be considered themselves as concerted processes as long as characteristic
geometric requirements are fulfilled '*®-1%). The transition metal catalyzed [2+2}-
cycloadditions of alkenes are — at least at the moment — restricted to strained
molecules such as cyclopropenes, methylenecyclopropanes or norbornene 2, In this
context, methylenecyclopropanes are of special interest from a synthetic point of view.
For instance, the reader can easily recognize the hidden methylenecyclopropane unit
in caryophyllene. Therefore, systematic model studies on the transition metal catalyzed
cycloaddition reactions of methylenecyclopropanes were undertaken, especially in
our laboratories in Miilheim. The results of these studies are summarized in the
following.

In the presence of Ni(0) catalysts, methylenecyclopropanes cyclodimerize at tem-
perature as low as —15°C. The chemoselectivity of these reactions strongly
depends on the substitution pattern of the substrates. [2+ 2]-Cyclodimerizations are
restricted to methylenecyclopropanes bearing no further substituents at the exo-
cyclic double bond. The substitution pattern at the threemembered ring (R = alkyl,
aryl) determines whether four-membered rings, five-membered ring or open-chain
products (or a mixture of all those) are obtained.

Ni(cod), or mixtures of Ni(cod), with an electron deficient alkenes (e.g. dialkyl
fumarate or maleic anhydride) have been found to be the most efficient catalysts for
the cyclodimerization of methylenecyclopropane and 2-methylmethylenecyclopropane
170,171 With Ni(cod), the combined yields of cyclodimerization products are lower,
but the ratio or four-membered to five-membered rings is higher. The reverse holds
for the modified catalysts (Eq. 66).

R

R
2 A\ 2t . RPCAR - :2]3 (66)
R 41 42
cat. R yield (41 + 42) ratio 47:42
Ni(cod), H 50% 20:80
Ni(cod), CH, 25% 40:60
Ni(cod),/dialkyl fumarate H 80% 5:95
Ni(cod),/dialkyl fumarate CH, 85% 11:89

106



Cyclopropenes and Methylenecyclopropanes as Multifunctional Reagents

For the transformation of more highly substituted methylenecyclopropanes, tri-
alkylphosphane modified Ni(0) catalysts are more effective 17?. Representative
examples are the cyclodimerizations of 2,2-dimethyl- and 2,2,3,3-tetramethylmethyl-
enecyclopropane (Egs. 67 and 68).

Ni{0)/ PR
A L e :QA Cathe (6)
(NI, S
43 44 45

R,P vield (43 + 44 + 45)  ratio 43:44:45
PEt, 92% 29:40:31
P(iPr)(tBu), 86% 76: 5:19
Ni{O}! PR4
i ~2 R (68)
46 47
R,P yield (46) yield (47)
PEt, 68% 18%
P(iPr)(1Bu), 82% —
P(CH, ), 24% 35%

While 2,2-dimethylmethylenecyclopropane can be cyclodimerized in 80 to 90%
yield, tetramethylmethylenecyclopropane gives mainly the ring-opened product
2,3,3-trimethyl-1,4-pentadiene '"». Control of stereochemistry in these reactions is
low. However, the observed regiospecifity of four-membered ring formation is
surprising (Eq. 69).

A cat.
E@* DO g A T D (69)
1101

[MIQA -— [M{:%' —#=  (M]
¢
© @

$4

(70)

P —

T @
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Dispiro[2.1.2.1Joctane is obtained as the only product in the presence of Ni(0), in
contrast to the result of the thermal cyclodimerization 4. According to the polariza-
tion of the m*-orbital of methylenecyclopropane one would expect the symmetrical
nickelacyclopentane VII as an intermediate 1%, leading to dispirof2.0.2.2]octane
(Eq. 70). Obviously, steric constraints in the nickelorganic intermediate *48® are
responsible for the exclusive formation of dispiro{2.1.2.1]octane.

Metal-catalyzed [2+ 2]-codimerizations of methylenecyclopropanes with other
alkenes are limited to a few cases. Again the formation of the formal [3 4+ 2}-cyclo-
adducts is competing. As cosubstrates, strained alkenes (Eqs. 71 and 72) and alky!
acrylates could be applied successfully, the latter being of more interest from a syn-
thetic point of view.

b A Ni(COd)z/PPh3 (71)
(86°%) [173]
Ni{cod),/PPhy
+ e

L7 X (15%) [174] %ﬂ 72

In the alkyl acrylate reactions the substitution pattern of the methylenecyclo-
propanes clearly controls the selectivity. While with methylenecyclopropane and its
2-methyl derivatives only five-membered rings are obtained, 2,2-dimethylmethylene-
cyclopropane gave four-membered rings in moderate yields '’ (Eq. 73).

Ni(cod), COR COR
A( + COZR — + +
= (67-71%) (73)
COR
R=CH, 6 : 12 : B2

R=1C,Hg 9 -t 1 60

Finally, in the case of 2.2.3 3-tetramethylmethylenecyclopropane the corresponding
cyclobutane product is formed as the only cycloadduct, besides small amounts of
isomerization product 7> (Eq. 74).

- COCH
Ni{ced), 3 ~ X
>A< + r___/COZCHJ _-—-——«—:EO/ . \%</ (74

(75%)

All these Ni(0) catalyzed [2+2]-cycloadditions proceed through nickelacyclo-
pentane derivatives as intermediates. This has been supported by the isolation of model
complexes and the study of their reactivity 148b, 156b)

The results of these model studies have shown that transition metal catalyzed [2+ 2}
cycloadditions of methylenecyclopropanes are — at least at the moment — not very
useful for the controlled formation of four-membered carbocycles.
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3.3 Synthesis of Five-Membered Rings

3.3.1 Methylenecyclopentanes

3.3.1.1 Introduction

Retrosynthetic analysis of six-membered ringformation almost always boils down to
a Diels-Alder reaction 17® or a Robinson annelation 77 (or variations thereof) as the
crucial C—C bond forming step. Both methods have in common that more than one
carbon—carbon bond is formed in a one pot reaction which allows a rapid
and efficient construction of complex organic molecules from rather simple building
blocks. No such general tool exists for the formation of carbocyclic five-membered
rings.

Since the early sixties an impressive array of natural products containing five-
membered rings and possessing interesting biological activities has been uncovered.
This initiated a search for new methodologies for their preparation 1. The iridoid
glycoside loganin (48) may serve as a prominent example.

(74a)
f -
H Co,cH;

48

Loganin turned out to be the biological precursor of secologanin which itself is the
biogenetic key compound to more than a thousand alkaloids and other natural
products ’?). Moreover, non-natural products such as dodecahedrane 1*® have been
imagined and subsequently synthesized. As a result of these efforts, the past two de-
cades have seen numerous multistep C; annelation procedures, mainly focussing on
the intermediacy of 1,4-dicarbonyl compounds or their functional group equivalents
178), The most straightforward strategy, a cycloaddition approach comparable to the
Diels-Alder reaction (both schematically represented in Eqs. 75 and 76) has only
recently been addressed.

o o — 0 (75)
< + | — O (76)

To realize a new strategy like the one outlined in Eq. 75, it is necessary to find a
reasonable way to create the odd-numbered carbon fragment. Faced with such a
problem the view almost automatically turns to the trimethylenemethane (TMM)
diradical (cf. Eq. 64), a species well studied from a physical-organic perspective 189,
It provides not only the necessary three-carbon fragment but also an exocyclic

109



Paul Binger and Holger Michael Biich

methylene group for further structural elaboration. The lack of a suitable method to
generate this synthon on a preparative scale prevented its application for years 82,
Recently, this problem has been solved by the discovery of suitable TMM-
precursors that can be transformed into the TMM-synthon via transition metal cata-
lysis. One class of precursors consists of conjunctive reagents, exemplified by com-
pounds 49 183 and 50 '®¥. In the presence of palladium(0) catalysts, zwitterionic
TMM-palladium complexes are formed which undergo a Michael type reaction with
electron-deficient alkenes followed by ring-closure to the corresponding methylene-
cyclopentane derivatives '¥3° (Eq. 77).

ms_l_oac __->{ ): o .-)&@ =<:r

-TMSOAc i

49 ip‘d}@ OAc [Pd)
an
£ EWe
EJL,ocosz .‘fﬂ.{/[ _ . } = . :CL
0, | e TEOH S
Ipa® OFt Pdl® EWG
E= Ts, CN

Some years ago, we began to explore the chemistry of another class of precursors —
methylenecyclopropanes — in the presence of transition metal catalysts. Since many
of these compounds are now easily available on a large scale, it occurred to us that
they might be excellent starting materials to serve the purposes of a [34-2]-cyclo-
addition approach. In contrast to the above mentioned conjunctive reagents, two
different types of synthons may be generated from methylenecyclopropanes that are
both suitable for [3+ 2]-cycloadditions. This is outlined in a purely formalistic manner
in Scheme 5.

lXC=CX lxc:cx

>

X X X

Scheme 5. Formalistic representation of the two types of [3+2}-cycloadditions observed for methyl-
enecyclopropanes
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Indeed, both kinds of cycloaddition products (Type A and Type B) can be obtained
in the presence of Ni(0) catalysts while Pd(0) catalysts exclusively lead to Type A
codimers. The real course of these reactions however is somewhat more complicated.
While distal ring-opening via Route a really leads to cycloaddition products of
Type A, proximal ring-opening via Route b results only in an isomerization of
methylenecyclopropane. Cycloaddition products of Type B are obtained indirectly
via oxidative coupling of two alkene units with low-valent nickel followed by a cyclo-
propylmethyl/3-butenyl rearrangement > 148%) Reductive elimination terminates
the catalytic cycle (Eq. 78).

A . xceox 2k, tr\m;?ﬁ\ —oe INi]Q=

X X X X

lR.E. 1R. E. (78)

X X X X

During our investigation of these codimerizations it turned out that with Ni(0)
catalysts not only the metal determines the course of the reaction, but also several
other factors; e.g. the kind and number of the ligands bonded to the nickel, the kind,
number and position of substituents on the methylenecyclopropane and the electronic
properties of the second olefine. These observations make it nearly impossible to
predict, whether methylenecyclopentanes of Type A or B will be the products.

The cyclodimerization of methylenecyclopropanes has already been discussed in
Sect. 3.2. For the sake of completeness we just mention a some what misleading
reaction, in which methylenecyclopropane apparently serves only as a source of
butadiene (Eq. 79) '*% before we turn our attention to the more interesting codimeriza-
tion reactions.

A Ni{nBu3P)yBry/nBuli ==
2 M L] 0, (79)
e OH, 60°C (91%)

In the following we will first discuss the metal catalyzed codimerizations of
methylenecyclopropane before we focus our attention to the behaviour of differently
substituted methylenecyclopentanes.

3.3.1.2 Codimerizations with Methylenecyclopropane

In the presence of “naked nickel”, methylenecyclopropane can be codimerized with
alkyl acrylates, alkyl crotonates and alkyl maleates 173186187 giving Type B cyclo-
adducts in moderate to excellent yields (Eq. 80).
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CO,R
=/"2" (>90%)
<o,R
. _0,R
A Ni{cod}y /—/ (43%)
20-20°C — Y Pe= (80)
cOR
CQR COsR
T () ROZ‘!C:T;)ZZR CO,R
+
9 . CO,R

These reactions proceed smoothly at 20 to 40 °C with high regio- and stereoselec-
tivity. When alkyl acrylates with an optically active alkyl group are applied, 3-methyl-
enecyclopentyl carboxylates are obtained with up to 64% d.e. '®®. Interestingly,
dialkyl fumarates and maleic anhydride do not react as cosubstrates but function
as controlling ligands resulting in a considerable enhancement of the cyclodimeriza-
tion of methylenecyclopropane (see p. 106).

The use of triphenylphosphane- or triarylphosphite-modified Ni(0) catalysts (e.g.
Ni{cod),/PPh,) demands higher reaction temperatures and leads to a decrease in
stereoselectivity 1*%; e.g. pure trans-alkenes. give stereoisomeric mixtures of methyl-
enecyclopentanes (Eq. 81). On the other hand more electron deficient olefines, e.g.
crotonaldehyde, also codimerize in the presence of these catalysts.

EWG  Nitcod),/PPhs EWG
A -~ 80-100°C ? @&
R
R
R EWG yield cisjtrans
H CO,CH,  55%  —
CH, CO,CH, s, 28
CH, CHO 549, 9:91
n-CH, CO,CH, 0%, 2773
CH,CH,CO,CH, CO,CH, 99 W72

Most interestingly, dialkyl maleates no longer give rise to Type B cycloadducts
but end up exclusively as Type A cycloadducts '*? (cf. Scheme 5). The same has
been found with electron deficient cosubstrates such as dialkyl fumarates or 2,3-
di(methoxycarbonyl)norbornene * (Eq. 82).

The last few examples clearly demonstrate that these Ni(0) catalyzed reactions are
extremly sensitive to changes in the electronic properties of the catalyst (or catalyst
precursor) as well as the substrates.

In contrast to Ni(0), Pd(0) leads exclusively to distal ring-opening of methylene-
cyclopropane. Thus in the presence of an appropiate diylophile, Type A cyclo-
addition is observed, according to Eq. 83:
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Et0,C-CH = CH-CO,E!

1) cis = C=C:(42%)
2) trans-C=C:(72%)

£10,C
Et ozc:C

1) cisftrans= 25:75

A Nicod)y! PPhs 2) cisitrans= 4:96 82)

ﬁCOzCHa
CO2CH3

62°% @

C0,CA,

Pd(0)/PR

This unique behavior of Pd(0) catalysts allowed the development of a general
method for the preparation of methylenecyclopentanes with a predictable sub-
stitution pattern.

For the choice of a suitable catalyst (or catalyst precursor) one has several
options. The best results are usually obtained with a 1:1 mixture of Pd(0) and a
phosphane or phosphite. As a source of Pd(0), thermally stable Pd(0) complexes such

CO,R
:coza “CO.R JCOR
COzR __CO,R “R

R
QR COzR [CO5R CO,R

/-::/
/ R
'CO4R 15002k
CO,R CO,R

R CO2R H iy =Cr
- re———
wm
e

RO,C
CO4R R

S0,Ph
/ | %S 7 0 :g
CO,R if R

CO,R

COR

S50,2Ph

Scheme 6. Survey of Pd(0) catalyzed codimerizations of methylenecyclopropane with electron
deficient alkenes
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as bis(dibenzylideneacetone)palladium **® can be used as well as in situ generated

Pd(0) via reduction of Pd(Il) salts (e.g. Pd(acac), + Et,AlOEt). In the case of

Pd(13-C3Hs)(n’-CsHs) 191:192 no further reducing agent is required. Tri-sec-alkyl-

phosphane-modified catalysts (e.g. Pd(0)/P(iPr),) usually display the highest activity.

As cosubstrates a wide range of electron deficient alkenes can be brought to
reaction 1*® (Scheme 6). Using the above mentioned Ni(0) catalysts some of these
codimerizations e.g. with 2-pentenone or with vinylsulfones, cannot be achieved and
other cycloadditions e.g. with crotonates lead to different methylenecyclopentanes.

These codimerization reactions are mainly limited by the degree of n-bond strength
of the electron deficient alkenes to Pd(0). Strongly bonded ligands may prevent any
interaction of the metal with the methylenecyclopropane. Typical examples of too
strongly bonded alkenes are maleic anhydride, acrolein and acrylonitrile. On the other
hand, too weak interactions may result in cyclodimerization of the methylenecyclo-
propane rather than codimerization.

The following alkenes have been found to give high yields of codimerization pro-
ducts with methylenecyclopropane: acrylates, fumarates, maleates '°*), cyclopenten-
3-one?”,  2,3-dimethoxycarbonylnorbornene,  2,3-dimethoxycarbonylnorborna-
diene 2" and some o,B-unsaturated sulfones '**), The reactions proceed in a tem-
perature range of 100 to 140 °C. It has been found that pumping a solution of educts
into a preheated solution of the catalyst increases the yield 1%

Some of the reactions summarized in Scheme 6 deserve some further comments:

1. With dialkyl maleates isomerization at the metal takes place before codimeriza-
tion. Thus a cis/trans mixture of cycloadducts is obtained; e.g. heating of a 1:1
mixture of dimethyl maleate and methylenecyclopropane in the presence of
0.2 mol%, (n*-C,H,)(n’-C,Hy)Pd/P(iPr), for 8 hours to 100 °C gives a 777,
yield of the cycloadduct as a 38:62 cis/trans mixture. Using the above mentioned
pumping technique the yield of the cycloadduct is nearly quantitative after 2 hours
at 130 °C with a 909 predominance of the cis-isomer 193199,

2. Codimerizations with 2-cycloalkenones can be achieved only with 2-cyclopentenone
in satisfactory yields (up to 78 %) ***. The Pd(0) catalyzed codimerization between
2-cyclohexenones and methylenecyclopropane has been reported to yield mono-
and dialkylation products ¢ (Eq. 84).

O 0 0
A @\ Pd(0)/PPhyMe iﬁ:\r(
+ —— e —— + 84
Q . (84)
R

R
=H 60 19%
R=CHq 81% trace

In our hands this reaction was more sluggish leading to a complex mixture of
products including considerable amounts of phenol.

3. Only a limited number of vinylsulfones (e.g. trans-2-phenylvinyl-phenylsulfone)
undergo codimerization with methylenecyclopropane. In most cases they are too
strongly bound to the metal, preventing an interaction with methylenecyclopropane.
In the case of alkyl-substituted vinylsulfones the Pd(0) catalyzed isomerization to
allylsulfones is faster than cycloaddition %,
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Scheme 7. Reactions of methylenecyclopropane with non-activated alkenes (catalyst: Pd(0)/P(iPr);)

4. The two double bonds in 2,3-dimethoxycarbonylnorbornadiene are almost equally
active. Furthermore, the reactions with methylenecyclopropane are stereo-
selective leading exclusively to the exo-isomers. Both observations are in striking
contrast to the results obtained in the Pd(0) catalyzed cycloadditions of 2-[(tri-
methylsilyl)methyljallyl acetate with norbornadiene derivatives 197,

The last observations automatically lead to the conclusion that non-activated
alkenes also could undergo these reactions. Indeed it was found that ethylene,
norbornene, norbornadiene **® and allene !** react with methylenecyclopropane to
give cycloadducts (Scheme 7). The reason for the limitation to these alkenes lies
in the ability of methylenecyclopropane to compete successfully with alkenes in
n-complexation to the metal. Thus cyclodimerization of methylenecyclopropane is
much faster than codimerization with other alkenes, which give less stable n-com-
plexes with Pd(0).

This drawback can be overcome by the use of methylenecyclopropanes substituted
at the vinylic position since tri- and tetrasubstituted alkenes show a much smaller
tendency for n-complexation. In these cases, a number of 1-alkenes as well as cyclo-
pentene (as the only example of a disubstituted alkene) and 1,3-butadiene react smooth-
ly 2°9 (see pp. 125 and 127).

3.3.1.3 Codimerizations with Substituted Methylenecyclopropanes

For a broader application of these new metal catalyzed [3+ 2}-cycloadditions in
organic syntheses it is necessary that substituted methylenecyclopropanes react
chemoselectively, regioselectively and if possible stereoselectively in this manner.
The codimerizations of methylenecyclopropane itself described above indicate that
the course of these cycloadditions is extremly sensitive to a number of influences
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(see Sect. 3.3.1.1). It is therefore likely that the desirable selectivities of the codimeriza-
tions is much more difficult to achieve with substituted methylenecyclopropanes as
e.g. with substituted 2-[(trimethylsilyl)methyljallyl acetates. In the latter case it
has been shown that, independent of the kind of substituent, all Pd(0) catalyzed
cycloadditior:s lead to the same type of methylenecyclopentane derivative 183200
(Eq. 85).

Si{CH3) E Pd(0)/PRs E
( (85)
OAc
R=CH,, Ph, —CH=CH,, CN, COCH,CHj, OAc
With substituted methylenecyclopropanes the problem is even more complicated

since in both types of [342]-cycloaddition presented in Scheme 5 two regio-
isomers can be formed. In Type a isomerization may occur in the “trimethylene-

Ko~

{m]

a) b)

E R R E R
+ + \::( ] +
; R ; R E E E
R R € R R

Scheme 8. Possible pathways in the metal(0) catalyzed [3+2}-cycloadditions of monosubstituted
methylenecyclopropanes with electron deficient olefines
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methane metal” intermediate, whereas in Type b the regioselectivity of the cyclo-
addition is determined by the selectivity of the cyclopropylmethyl/3-butenyl rear-
rangement (Scheme 8).

As will be shown in the following, all reaction modes outlined in Scheme 8 can
be verified and especially in cycloadditions according to Path a it is difficult or
impossible to obtain the desired regioselectivity of the reaction.

In principle one can distinguish between the reactivities of methylenecyclo-
propanes which are substituted at the three-membered ring and those which are
substituted at the double bond. With Pd(0) catalysts, both types react in the same
manner, by distal bond opening of the three-membered ring (Path a in Scheme 5
or 8) ¥, whereas in the presence of Ni(0) catalysts the former types behaves like
methylenecyclopropane itself, which means that they react according Path b in
Scheme 5 or 8, if the substituent is an alkyl group. Substituents which are able to
weaken the distal C—C bond of the three-membered ring induce also opening of this
bond in the Ni(0) catalyzed reaction; e.g. with 2-phenylmethylenecyclopropane, codi-
merization following Pathway a and b of Scheme 8§ can take place at the same time.
With Ni(0) catalysts, general distal ring-opening is only observed when methylene-
cyclopropanes are used which are substituted at the double bond.

Therefore, in the presence of phosphane-free or phosphane-modified Ni(0) cata-
lysts, alkyl acrylates and alkyl crotonates codimerize with 2-methyl- and 2,2-dimethyl-
methylenecyclopropanes to give Type B cycloadducts. The reactions turn out to be
regio- but not stereoselective. The methyl group(s) bonded at the three-membered
ring are always found at C-2 of the resulting methylenecyclopentanes, whereas the
electron withdrawing group is bonded to C-4 (Egs. 86 and 87) 27,

& /___/CO;CH:; Ni(cod)y /PPhy ,QR; COLH;
+ B A IS +
R / ‘ (86)

0020H3 R H:,COZC R
51 52 53
R combined yield ratio 57:52:53
H 439 70:30
CH, 45 55:25:20
A< I ¢ ' WCO?R @7
54 cis/trans - 55
R cat combined yield ratio 54.55
CH, Nifcod), " 67% 81:19
CH, Nian), % 60 10: ¢
CH, Ni(cod),/PPh, 2" 73% 92: 8

+C,H, Ni(cod), ! 689 60:40
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With 2,2-dimethylmethylenecyclopropane [2 + 2]-cycloaddition is also observed.

Interestingly, 2-phenylmethylenecyclopropane behaves differently. In the presence
of phosphane-modified Ni(0) catalysts both types of cycloaddition products (A and
B) are formed 27 (Eq. 88). Moreover the regioselectivity of Pathway b changes, as
considerable amounts of trans-3-phenyl-4-methoxycarbonyl-methylenecyclopentanes
are formed. On the other hand, the stereoselectivity of cycloaddition Products B is
much better than in the same reactions with 2-methylmethylenecyclopropane.

Ph
g PhR C,Oza"aé
- F\>: +
A\ /:/COZCHa Ni(cod)a/PPhy 1(;022:'3 oo/R (8%)

100°C 2) 59% 19%%

Ph R ) R=H (82%)
D) R=CHy(4a%) | o CO,CH3 HCOL

+

— s e
Y h i
R R Ph

1) 36% (cisftr=1:1)  24% {cisitr=1:1)
2} 11% {cisftr=1:1)  11%({cisftr=1:1)

Like methylenecyclopropane itself, 2-methyl- and 2-phenylmethylenecyclopropane
react with dialkyl fumarates exclusively by distal ring-opening (Path a in Scheme 5
or 8) independent of the nature of the catalyst 7). Therefore, in the presence of
phosphane-modified Ni(#) and Pd(0) catalysts a mixture of ring substituted and
double bond substituted methylenecyclopentanes is obtained, the phenyl group
favoring the latter. However, with 2-phenylmethylenecyclopropane the product
distribution can be changed favoring the 2-phenylmethylenecyclopentane derivative
by 88:12 using a Pd(0)/P(iPr), catalyst with a ratio 1:4. The same cannot be achieved
with the less reactive 2-methylmethylenecyclopropane.

On the other hand, the latter compound is isomerized to some extent to isoprene
using a Pd(0)/P(iPr); catalyst, and that undergoes Diels-Alder cycloadditions under
the reaction conditions.

R R
002Et cat £ :zj:E R \«E \\\v‘E
« S~ ———ii 89
A 7~ Toozoc df Ny EO\ ' \QE (9

R COEt E E E
I Il HI v

R catalyst yield [ %] composition [ %}

1 i 111 v
CH, Ni(cod),/1 PPh, 70 49 6 45 —
CH, Ni(cod),/1 TOPP 63 40 21 35 4
CH, Ni(eod),/4 TOPP 57 37 28 30 5
Ph Ni(cod),/1 PPh, 93 4 10 86 —
CH, cpPd(allyl)/1 P(iP1), 83 20 12 48 20
Ph cpPd(allyl)/1 P(iPr), 85 13 16 71 —
Ph cpPd(allyl)/4 P(iPr), 86 49 39 12 —
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The advantage of using methylenecyclopropanes with substituents at the double
bond is, that they react with both Ni(0) and Pd(0) based catalysts in the same way:
by distal opening of the three-membered ring. Moreover, the substituents at the double
bond seem to relieve the distal ring-opening and to hinder a cyclodimerization of the
methylenecyclopropane itself. The results of these changes in properties are that
the metal catalyzed codimerizations can be carried out under milder conditions
and that some less reactive alkenes, which do not undergo [3+ 2}-cycloadditions with
methylenecyclopropane or ring substituted methylenecyclopropanes, do react in
this manner with double bond substituted species 2°> 2%, Examples for this behavior
are the successful annelation of 2-cyclohexenone and 2-cycloheptenone with iso-
propylidenecyclopropane (Table 6) and (diphenylmethylene)cyclopropane (Table 9)
and the codimerization of 1-alkenes, cyclopentene and some 1,3-butadienes with the
same methylenecyclopropanes (Tables 7 and 10).

Nevertheless, some characteristic differences between the Ni(0) and the Pd(0)
catalysts exist. The most important ones are summarized in the following, For more
details the reader should compare the experimental results listed in Tables 4-10.

The tendency to give 2-substituted methylenecyclopentanes is much higher in the
presence of phosphorous-modified Ni(0) catalysts. With triisopropylphosphane/Pd(0)
catalysts nearly always alkylidenecyclopentanes are formed and often exclusively. The
formation of 2-substituted methylenecyclopentanes can be achieved using phosphite
containing Ni(0) catalysts with bulky aryl groups. A higher P: Ni-ratio also favours the
formation of these isomers. Besides the nature of the catalyst, the properties of the
olefines also influence the ratio of 2-substituted methylenecyclopentanes to alkylidene-
cyclopentanes. The latter are exclusively formed with alkenes. With olefines bearing
electron withdrawing groups, very subtile influences, which are not yet fully under-
stood, play a role; e.g. with methyl acrylates or acrylonitrile alkylidenecyclopentanes
are formed mainly, independent of the type of the catalyst. On the other hand with
crotonates or fumarates 2-substituted methylenecyclopentanes can be synthesized
with up to 909 yield (see Tables 4 and 6).

Another interesting point is the regioselectivity of these [3+2]-cycloadditions.
Whenever a 2-substituted methylenecyclopentane is detected in a codimerization,
catalyzed by a Pd(0) compound, the substitution pattern is the same as found in
[3+2]-cycloadditions starting with 2-[(trimethylsilyl)methylJallyl acetates 183 (Eq. 85).

In contrast to this all phosphorous-modified Ni(0) catalysts lead to another
regioselectivity in which the electron withdrawing group is bonded in the neigh-
borhood to the substituent of the methylenecyclopropane (Eq. 90).

E
Pd(0)/PR,
e —————

RI R’ E R“ R Rn R\
=/ —] (90)
+ +
& .
Ni(0}/PR 3 ﬁ?: E
TS

E R
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Though this different behavior of Pd(0) and Ni(0) catalysts is not yet fully under-

stood, it may serve to complement the possibilities of synthesizing regioselectively
substituted methylenecyclopentanes.

Table 4. Codimerization of hexylidenecyclopropane with electron deficient olefines

Can CeHyy
s
CoHy £
. o e o1
R 0 E C’-SLH" E
 DUUU—— +
R J«R
CgHyy
. Temp, Yield . . .
Olefine Cat. Codimers { ¢is ; trans ratio)
[°C] [*]
CsHyt CsHn CoHn
=2:[/cozm-|3 t COZCHg
cozcm3
A 100 78 10( 0:100) 24 11:1) 661 1: 2)
C0,CH3 B 120 72 23(78: 22) L3{1:1) 341(23:77)
e C 120 80 311 9: 1) 38(1:1) 31(22:78)
D 130 53 0 8(1:1) 92( 4: 6)
CSHH C5H11
CO,CHa
CO,CHy " CO,CHs
_— C 120 34 10012 88) 0
D 130 51 0 100
CsHy H CO,Et
%’C%Et N BZ\E’(/\/\,/\H
"-CO,Et “-C0,Et Lo,k
0
Et A 120 87
502 B 120 21 {6 z.) 38 0
— C 120 75 81{4:6) 19 0
D 130 72 37 0 43 20
CO2Et o : CoHy
A 120 0

Catalysts: A = Ni(cod), + 1PPhy; B = Ni(cod), + 1 TOPP; C = Ni(cod), + 4TOPP;
D = cpPd(allyl) + 1 P(iPr),
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Table 5. Codimerizations of (phenylmethylene)cyclopropane with electron deficient olefines

Ph Ph
Ph R
o S O o
+ IR * +
R “e n “E

Temp.  Yield R . .
Olefine Cat. ["C; %] Codimers { ¢is : trans ratio)
Ph
Ph
C0,CH, ¢0,CH,
CO,CH, A 50 92 0 100 { 3: 2)
—/ B 100 94 0 100 (45:55)
C 100 88 8 92 {58:42)
Ph Ph
chozc: 5 H3C02 Cru § ~ : Ph
- H3CO,C
CO,CH3 B 80 23 45
s C 100 52 0 0 100 (2:1)
Pl
Et0,Can, :S Et02C~Tj::§ Eto2 h
Et0,C" Et0,C EtOQC
CO,Et B 90 82
D 140 67 30 25 45

CO,Et

Catalysts: A = Ni(cod),; B = Ni(cod), + 1 PPhy; C = cpPd(allyl) + 1 P(iPr)y; D = cpPd(allyl)
+ 4 P(iPr),

3.3.2 Methylenecyclopentenes

‘Whereas the transition metal catalyzed cyclotrimerization and cyclotetramerization
of alkynes leading to benzene or cyclooctatetraene and their derivatives is a rather
common reaction, there exist only a few examples of cooligomerizations between
alkynes and alkenes or 1,3-butadienes leading to 1,3- or 14-cyclohexadiene
derivatives 2°. It is therefore surprising that the [3+2)-cycloaddition between
methylenecyclopropanes and alkynes, catalyzed by triarylphosphite modified Ni(0)
compound, is a rather convenient method to synthesize 4-methylenecyclopentenes 2°9),
A wide range of methylenecyclopropanes and alkynes, in the latter case mainly 1,2-
disubstituted ones, can be used for these reactions (Egs. 98-100, see p. 127-128).
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Table 7. Codimerizations of isopropylidenecyclopropane with alkenes

_.>=<jR

R cat. A-D
X - _r sowno - 04)
Y/
— - —
Alkene Cat. Temp. Yield Codimers
rcl [°/4]
/
O T Ay
A 60 80 100 0 0
CH,==CH, C 120 82 100 0 0
D 10 96 1 13 76
Ph

. T

/ A 80 77 100
== c 90 87 100

CeHry
CeHyg >=<I

CeHiz A 80 0
—_ B 100 48 82 18
A 60 90 100
\ b 100 80 100

A 80 0 -

B 100 42 100
Catalysts: A = Ni(cod),; B = Ni(cod), + 1PPh,; C = Ni(cod), + 1 TOPP; D = cpPd(allyl)
+ 1 P(iPr),
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Table 8. Codimerizations of (diphenylmethylene)cyclopropane
with electron deficient olefines

Ph Ph £ Ph Ph

X . /:/ cat. A,Bor C (95)

R
R E

R E Cat. Equp. Y[If/iC]j Remarks
H CO,CH, A 70 79
H CO, A 2 45 d.e.=0
H CO,CH; © 10 86
CH, CO,CH; B 120 75
CH, CO,CH, € 110 9L
CoHn  COCH; C 120 98
H CN B 120 82
CO,Et COEt B 100 98
CO,Et  COEt  C 100 100

Catalysts: A = Ni(cod),; B = Ni(cod), + 1 TOPP; C = cpPd
(allyl) + 1 P(Pr),

Table 9. Codimerizations of (diphenylmethylene)cyciopropane with 2-cycloatkenones

Ph_ _Ph =0 C{'O

X . CHy ) Bl (CW
\_/ Ph

Temnp. Yield

x  Cat recl (%1 cis trans
2 B 120 0 - -
2 C 120 97 100 -
3 B 120 0 - -
3 C 125 76 76 24
4 C 125 80 16 84

Catalysts: B = Ni(cod), + 1 TOPP; C = cpPd(ailyl) + 1 P(iPr),
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Table 10. Codimerizations of (diphenylmethylene)cyclopropane with alkenes

Ph.__Ph - N2
X . .__.__/ cat, A,Bor C (97)
R
.Y
Rlatkene] Cat. T[e:rgg [Iujolg Other products
H A 80 37
H c 100 83
CHy A 90 15
CHy c 100 83
C.Hg B 120 80
C.Hg c 100 85
(CH;)sCO,CH; B 120 28
{CH,)sCOSCH; € 100 50
Ph c 100 88
CH==CH, c 120 48
CH=CPh; A 25 79 Ph
#Z \Ph
- B 120 70 {100%)
D] Ph

: ¢ 10 el GD==< (100°%)
[~ _ Ph

A 50 70 D 00%)
| c 70 94 Ph {100%)

Catalysts: A = Ni(cod),; B = Ni(cod), + 1 TOPP; C = cpPd(allyl) + 1 P(iPr),

R R
Nifcod)y/TOPP
+ HyC-CiC- 98

X 3C-CE0-CHy — oo E& /C_%R' ©8)
R R’ yield[%] 64 : 65 ratio
H H 34 100
CH, CH, 66 6 94
H Ph 57 0 100
Ph Ph 95 6 94
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R_ R

R R R
, Ni{cod),/TOPP
X + R OCHz'CEC'CHzoR' l—?—"‘_> +
80°C R (99)

CHy CHp  CHy CH,
OR OR OR' OR'

66 67
R R”  Yield[%] 66 67
H SiMe; 35 100
0

H O/ 52 100

Ph SiMe; 86 57 43
R R RR o o

X _ Nilcod),/TOPP
+ R'-C=C-SiMe; s + R+ =3 (100)
R Me;Si R' MesSi SiMey R

R R’ R” yield[%] 68 69 70
CH, CH, SiMe, 50 0 100
Ph Ph SiMe, 71 48 52
H H Alkyl 48
H nCH,,  Alkyl 82 2 6 25
CH, CH, Alkyl 88 0 8 15
Ph Ph Alkyl 92 60 24 16
H H CO,CH, 72
H nC,H,,  CO,CH, 65 25 2 53
CH, CH, CO,CH, 64 4 21 38
Ph Ph CO,CH, 63 100 0 0

It is characteristic for these cyclodimerizations that all types of methylenecyclo-
propanes react in the same way: by distal ring-opening. Unfortunately in many cases
the regioselectivity of the cycloaddition is not very high. Especially when unsymmetri-
cally disubstituted alkynes are used, both possible regioisomers are formed with a
preference of the isomers in which the more electronegative group is positioned
neighboring the groups R and R’ (see ratio of compounds 69 and 7¢ in Eq. 100).

The resulting 4-methylenecyclopentenes are very sensitive to base- or acid-catalyzed
isomerization of the exocyclic double bond into the ring, yielding 1,3-cyclopentadienes;
e.g. it was not possible to substitute the TMS-group by hydrogen with the aid of
trifluoroacetic acid without isomerization.

3.3.3 Heterocycles

As highly reactive olefines methylenecyclopropanes should be predestinated to
undergo thermal or transition metal catalyzed cyclocodimerizations with CX triple

128



Cyclopropenes and Methylenecyclopropanes as Multifunctional Reagents

bonds or double bonds (X = O, N). In practice only few examples of such cyclo-
additions with heterocumulenes, like ketenes, keteneimines, carbodiimides or carbon-
dioxide are known.

This behaviour correponds to the observation that other unsaturated hydrocarbons,
e.g. alkynes, allenes or 1,3-butadienes, which readily undergo transition metal cata-
lyzed cyclooligomerizations, do also incorporate CX multiple bonds in such cyclo-
additions only with difficulty in most cases 2°-2°®) Besides the well known cobalt-
catalyzed pyridin synthesis from alkynes and nitriles ® cocyclooligomerizations
have been achieved with alkynes on one side and isocyanates 2%, carbodiimides 2%
and carbondioxide ?'!) on the other side as well as with 1,3-butadienes and aldehydes
212 carbondioxide 2'¥ and 2-aza- or 2,3-diaza-1,3-butadiene 214,

In the thermally induced [2+2)-cycloaddition of methylenecyclopropanes with
ketenes only the C=C-double bond of the ketenes react to give spiro[3.2]hexanones
in good yields 2'¥. The reaction proceeds stereospecificly with methylenecyclopropanes
substituted at the double bond. With diphenylketene, tetrahydronaphthalene deriva-
tives are also formed 2'®. Transition metal compounds do not catalyze these or
other reactions between methylenecyclopropanes and ketenes.

R R__R
\ A ; ;Z; l
C=C=0 + R (101)
/ & ga/
R {215] 5 0

R = H; CH,
R R _R . ) R.
\escs0 » X R . (102)
/ (216] 0
R d R0
Ph
R= Ph
R = Et, Ph, Cl
R’ = H, CH,, Ph,
R'= CH, ph, —(CHs—

In contrast to ketenes, keteneimines readily undergo metal-catalyzed [3+2)-
cycloadditions with methylenecyclopropanes. Depending on the substituents in both
educts, pyrroles, «-methylene-A*-pyrrolines or iminocyclopentenes can be synthesized
selectively in good to excellent yields. The substituent of the imino group determines

ER Rj\:;?:(%

¥
1
x
e

Pd(0) \ Ph
+ =N~ - Ph
Ph,C=C=N-Ph ——u ;h ] o (103)
h
A W) — B
Ph
y |
L & Ph

R = H,CH,
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which double bond of the keteneimine reacts whereas the substituents on the
methylenecyclopropanes influences the stabilization of the primary cycloadduct.
With triphenylketeneimine, all methylenecyclopropanes react by addition to the
imino double bond.

The primary cycloadducts, 2,4-dimethylene-N-phenyl-pyrrolidines, normally iso-
merize to pyrroles during the reaction (Eq. 103). Only with geminally disubstituted
methylenecyclopropanes, a-methylene-A3-pyrrolines are formed (Eq. 104) *'7.

R R
! Ph Ph
Pd{0. Ni(0} =
X + Ph2C:C:N-Ph --—S-——)Lti——v RIH B — qu>=< (104)
N Pn N Pn
R\ r \
Ph Ph

R =CH,, (CH)

For all these codimerizations Pd(0) as well as Ni(0) catalysts can be used, preferred
catalysts are Pd(PPh,), or mixtures of Ni(cod), and a arylphosphite in a molar ratio
of 1:1. The less reactive diphenylketene-N-methylimine only reacts with methylene-
cyclopropane to give cycloadducts in moderate yields [catalyst: Pd(PPh,),]. Interest-
ingly only the C=C double bond undergoes the cycloaddition giving 1-methylimino-
3-methyl-5,5-diphenyl-2-cyclopentene '7.

A+ pryczcen-cn, 229 {\I:Z:N-CH:,} — W;ZEN-CHs (105)
Ph Ph

Ph Ph

A successful codimerization between methylenecyclopropanes and carbondioxide
is only possible in the presence of triphenylphosphane or tetraphenylethylene-
diphosphane modified Pd(0) catalysts. With methylenecyclopropane itself, a high
yield preparation of the butenolid 71 is somewhat tricky, because 71 contains at least
three acidic hydrogens, which can react further with methylenecyclopropane. There-
fore 71 is obtained in 80 % yield only under special reaction conditions, e.g. by pumping
a solution of the catalyst and the methylenecyclopropane in DMF slowly into a 165 °C
hot autoclav which contains the same solvent and is under a pressure of 40 bar CO,

Pd [PPh3], _
A + €0, ——— [ =0

71

(106)
A IPd{PPh,],

I /
TQ;ET(}O 0}94/%‘\:59104-
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during the whole reaction %'®, Otherwise cooligomers, as shown in Eq. 106, are also
formed in more or less quantities.

Codimerization between substituted methylenecyclopropanes and CO, are reported
to be less complicated 2!); e.g. isopropylidenecyclopropane or butylidenecyclo-
propane are published to give the corresponding butenolids in 77 or 67% yield
by simple heating a benzene solution of these compounds to 130 °C in the presence
of Pd(PPh,), as a catalyst and under a pressure of 40 bar CO, (Egs. 107 and 108).
But it should be noted that in our hand a reaction with an excess of the methylenecyclo-
propane could not be avoided leading to cooligomeres analogous to those formulated
in Eq. 106 2'®,

PdLp — -
v €0, — =0 =0 (107)
38% 29%

R_ R R n
X co, —tn, f%o ~ =0
-+ +
2 g R )
72 69%

R
73 8%,

Under prolonged heating to 125 °C the furanone 72 can be isomerized to the
butenolid 73 under the influence of a Pd(0) catalyst 229,

3.4 Synthesis of Seven-Membered Rings

Two strategies are available for the synthesis of seven-membered carbocycles starting
with methylenecyclopropanes:

1) [3+2+2]-cycloadditions (Eq. 109)

2) [4+ 3]-cycloadditions (Eq. 110)

VR cat,

8 = = O: (1092)
20 (j

S 5 cat (109b)
( S ©: (110)

These cycloadditions can be achieved only with the help of a Ni(0) or Pd(0)
catalyst. Moreover, only one example of each reaction has been observed until
now.
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A [3+242}-cycloaddition according to Eq. 109a has been achieved only in the
case of methylenecyclopropane and allene, which react smoothly in the molar ratio
of 1:2 in the presence of a ({Pr),P/Pd(0) catalyst to give 1,3,6-trimethylenecyclo-
heptane in good yields. 1,3-Dimethylenecyclopentane and a cyclodimer of methylene-
cyclopropane are formed as by-products %%,

(i Pr);P/Pd{0) 16%

80°
L ¢ + &

Substituted allenes, e.g. 1,1-dimethylallene do not react in the same manner, but
rather lead to codimers %9

Other types of methylenecycloheptanes are obtained by the trimerization of
methylenecyclopropane catalyzed by a trialkylphosphane modified Ni(0) complex 22V,
Although most trialkylphosphan ligands induce the formation of open-chain trienes,
phosphanes with bulky alkyl groups, e.g. ter butyl, produce methylenecycloheptanes
in reasonable yields.

~ “ 7
 —— + +
36./0 ﬁ $
A (tBu)ziPr P/ Ni(Q)
99%
e e +
60% A@

97°% 3%

)_& + 2 CH,=C=CH,

(112)

It should be pointed out that these [3+ 2+ 2]-cycloadditions are not metal induced
electrolytic processes but stepwise reactions in which nickelacyclopentanes (Eq. 112)
or nickelacyclohexanes (Eq. 111) are initially formed, followed by insertion of one
of the M—C-bond into the C=C double bond of the second olefin.

CO,M
A /0 & Pr)3P/Pd(0) 4@\
pp— 67%% MeQ,C CO,Me

COMe transicis 82:18 113)
L FO2Me 1Py, idppe /@
. g — e
™S OAc /:/_/ B o %0 2Me+
CoMe MeOL X e
1 B 38 2
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[4+ 3]-cycloaddition according Eq. 110 can be carried out with dimethyl (E, E)
muconate and methylenecyclopropane, which codimerize in the presence of a Pd(0)
catalyst to give a seven-membered ring product as a 82:18 mixture of the trans-cis-
isomers in 679, yield %2 (Eq. 113). In contrast to the results obtained with 2-[(tri-
methylsily)methyljallyl acetate >*¥, no vinylcyclopentane derivative could be de-
tected.

Other 1,3-dienes, such as 1,3-butadiene, isoprene and methyl-2 4-pentadienoate,
either do not react with methylenecyclopropanes or yield only 3-vinylmethylene-
cyclopentane derivatives exclusively (Table 10 and Eq. 114). Quite unexpectedly,
methyl-2,4-pentadienoate reacts only at the terminal C=C bond, giving a vinyl-
methylenecyclopentane in poor yield 2*# (Eq. 114).

CO,Me

A~ - :5(3.) (114)

~CoMe

3.5 Some Applications of the Metal Catalyzed [3+ 2]-Cycloaddition
with Methylenecyclopropanes in Organic Synthesis

As the proceeding chapters demonstrate, Ni(0)- and Pd(0)-catalyzed [3+4 2}-cyclo-
additions of methylenecyclopropanes with alkenes open a new, simple, and useful
route to a number of substituted methylenecyclopentanes. This catalytic generation
of a “trimethylenemethane” synthon and its addition to olefinic double bonds not
only lead to five-membered rings but also introduce an exocyclic methylene group,
which is a useful functionality for further structural elaboration.

In addition to the methylenecyclopropane route two other, rather similiar methods
exist for the preparation of methylenecyclopentanes, which utilize the transition metal

R

E
Pd(0)
A\ ’ R(=/ o &z (1152)
o ,

E
R _ Pd(0) R
v S 115b
Me353j)1\/o A & b) ﬁ (115b)

2
£ 1
1 Pd(0} E
eI 0C0R ¢ =/ e \& (115¢)
)
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catalyzed [3+2}-cycloaddition of a “trimethylenemethane” synthon to electron
deficient olefins 83:201.18%) Thege approaches, mentioned above (see Eq. 77 in Chapter
3.3.1.1) differ from ours in the choice of starting materials used as precursor to the
“trimethylenemethane” species; Trost uses (2-(acetoxymethyl)-3-allylltrimethylsilan
183a) or its derivatives suitably substituted in the 2- or 3-position #® whereas Tsuji
uses 2-(sulfonylmethyl)- or 2-(cyanomethyl)-3-allyl carbonate 4.

Although these three Pd(0) catalyzed methylenecyclopentane syntheses appear to
differ mainly in the choice of starting materials, a closer inspection reveals sub-
stantial differences in scope, in the nature of the catalyst, and in mechanism.

Reaction (115a) proceeds with olefins such as norbornene, ethylene or 1-alkenes
as well as with electron-deficient olefins. Best results are obtained with alkyl-
phosphanes and a P:Pd ratio of 1:1. Increasing this ratio can totally inhibit the
reaction. On the other hand, Reactions 115b and 115¢ require electron-deficient
olefins; they proceed best with a Pd(0) catalyst that bears an arylphosphane or
-phosphite ligand and, in general, with a P:Pd ratio of 4:1. With substituted starting
materials, quite different regioselectivity is observed in reactions 115a and 115b.
While the reaction in Eq. 115a can also be carried out with Ni(0) catalysts (Eq. 116)
nothing is known about the use of Ni(0) catalysts in reactions like 115b or 115¢. It is
likely that they do not work because of the redox stability of nickel acetates or
alkoxides. The different regiochemistry observed with Ni(0) catalysts is notable.

R . P
E . /:/ Ni{0) ﬁz ., R (116)
R ﬁ
R E g ®r

All these observations indicate that different reaction mechanisms are responsable
for the individual characteristics of the related codimerizations summarized in
Egs. 115 and 116.

Theoretical studies 225229 a5 well as preparative work strongly indicate that the
reactive palladium organic intermediate in Reaction 115b and 115¢ is an unsym-
‘metrical, zwitterionic trimethylenemethane-palladium (TMM-Pd) complex, as for-
mulated in Eq. 117. Moreover, cycloaddition with a cyclic TMM-Pd-precursor
revealed that the electron-deficient olefin attacks the TMM-Pd unit from the side
away from the metal. This demonstrates that complexation of the olefin with the

metal does not occur prior to C—C bond formation '*%.
R\
LpPd(0) ©_ 4
Me.Si oac O 4 L — 117
R_Pd “LoPd
R N Rk

The situation at the beginning of the metal-catalyzed cycloaddition with methylene-
cyclopropanes is somewhat different because one has to break the non-polarized distal
C—C o-bond of the three-membered ring and not a polarized C—O-band as in
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Eq. 117. Since breaking this C—C bond requires more energy, it is not necessarily
so that the most energetically favoured TMM-Pd species act as intermediate,
TMM-Pd-complexes with a higher energy level may be reasonable intermediates if
they react immediately with a second olefin. We believe that in the cycloaddition
reaction with methylenecyclopropane the first metalorganic intermediate is a
complex in which both olefins are coordinated to the metal and so held in proximity
to each other. Further reaction may involve a direct or a stepwise coupling as shown
in Eq. 118. It is unknown at the present time which process occurs and whether it also
depends on the nature of the metal and of the second olefin.
— =M Y —

ML-M}?SM:O\E
~ T

v L

L L

E NN, A
e M| = M= M }—e

X A T X0

(118)

Ao =F i LY

The following observations are in agreement with these proposals
a) only those olefins react which are known to coordinate well with Pd and Ni;

b) a competitive cyclodimerization and codimerization can be avoided by using
methylenecyclopropanes substituted at the double bond which coordinate less
readily.

A further support for the mechanism outlined in Eq. 118 is that with Ni(0)
catalysts a second type of [3 +2]-cycloaddition can occur which involves the oxidative
coupling of two alkenes coordinated at the nickel (one must be methylenecyclo-
propane). The initially formed nickelacyclopentane derivative may collapse to give
a spiro[2.3]cyclohexane derivate or rearrange into a 4-methylenenickelacyclohexane
derivate, which at the end of this catalytic cycle gives methylenecyclopentanes with
a new substitution pattern by reductive elimination (see Eq. 78 and Scheme 8).

The two Pd(0) or Ni(0) catalyzed [3+ 2]-cycloadditions starting with the readily
accessible “trimethylenemethane”-precursors [2-(acetoxymethyl)-3-allyl]trimethyl-
silan, methylenecyclopropane, and their substituted derivatives are important new
methods for the synthesis of methylenecyclopentanes. Because of the simplicity
with which many problems of cyclopentane-syntheses can be solved in a convenient
one pot reaction this new methodology may be compared with the synthesis of six-
membered rings by the powerful [4+2]-cycloaddition of the Diels-Alder reaction.

In many cases [3+ 2)-cycloaddition with both types of TMM-precursors lead to the

‘same methylenecyclopentanes; but many examples also exist in which the methods
give different results, complementary to each other. Some of the most striking differ-
ences between the behaviour of Trost’s reagents and methylenecyclopropanes with

Pd(0) catalysts are summarized in Eqs. 115a and 115b. Two advantages of using

methylenecyclopropanes as starting materials are their ability

a) to codimerize not only with electron deficient olefins but also with normal
olefins and

b) to codimerize with both Pd(0) and Ni(0) catalysts.
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Table 11. Methylenecyclopentanes by Pd(0)/Ni(0)-catalyzed {3 + 2]-cycloaddition of TMM-precursors
and electron deficient olefines

TMS- . Condition Codimere [ yield *4]
precursor Olefine Catalyst [°CIh { z‘rans:cfsy ratio)
183a)
C0s0H, Pd[PPh,], 87 (43) COpCH,  L68]
—_ PA(0)/1 PliPr); 10 (3) =O/ [84] ™
Ni (cod)s 20 (5) foz1 ¥
C0O,CH3 Pd[PPh, 1, 85 (67) [s0] '8
CO,CH3 )
P4(0)/1 PliPr); 120 (10) [<10]
A Pd [ PPh,1, 110 (60) [301'"%"
ﬂ (31:1)
B P4{O}/1 P(iPr); 100 (16) CO,CH; 431"
{trans)
CO,CH3
¢ /==/ L 130 (5) 1 7
(trans)
Ph onets 2301
o “ 10 {5}>=Oi [94]
eh C0,CH, {trans}
B Nilcod), /1 TOPP 100 (5) [s5]"*
C0,CH, (78 122)
C0,CH;3 nCehia
A /=/ Pd[ PPh;], 65 (12) [s11 '8
nCeHiy "C0,CH3
CO,CH; nCsHy
c Pd(0)/1 P(iPr); 130 {10) {613 230)
ol C0,CH;
C02CH3 Ph nC6H13
D PA(0)/1 P(iPr), 120 {5}>=<:C {981
oot Ph C0,CH;
183a)
A Pd[PPhy1, 60(150) N [35]
;271
CN PJ(0)/1 P(iPr)  80-130 ro1 *
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Table 11. (continued)

TMS- . Condition Codimere [yield 5]
precursor Olefine Catalyst [°C1(h) [ trans: CISy ratio)
N -
c Nifcod), /1 TOPP 120 (5) >=’<j/ [21
Ph CN )
27
D R T >~_—.<j/ [82]
Ph
C0,CH; CO,CHy
183a}
A Pd[PPhs]. 5(285) ==C]: [321
>99 :1
CO,CH; €Oz CHy (>99:1)
CO,Et
B PA(O)/1 PLiPr), 120 (2) =<:[ [g71 ™%
CO,Et CO,Et  (99:5)
Ph CO»Et
p (OBt Wy 100 (3) >=-G: [oo] ***
Ph Co,et ltrans}
A P PPhy], 65 (210) [60] 18]
B Pd(0)/1 P{iPr); 100 (16) 3
CO,CH;3 [68] 193}
CO2CHs CO,CH, (43:57)
B _ oy n 130 (2) CO;CH;; [GL]C} 195)
{2:8)
B CO,CHy CH,CH, Ni(cod), 40 (20) [781 "
—_— CO;CH3 {1:9)
€0,CH,
A PA[PPh,1, 65 (20) Q [se1
0 t:’\ 195)
B PAIO)/1 PiPr); 130 (2] 5
c Wy 100 (3) (713
0
Ph
D weyooom 90 (3} [9o3 *°
Ph
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Table 11. (continued)

0
183)
A Pd[PPh,1, 85 {20 071
{cis)
0 o
. 230
c PA(0)/1 PliPr); 130 (10) ¢O=< [ss]
{2:8)
0
Ph
D "oy " 125 (3) (761 200!
by (26:76)
0

d};230)
o o PA(0) /1 P(iPr) 130 {10} {46]
{88:12)
Ph
200)
0 wyooon 125 (7) Ph 1e0]
{84:16)
Ph Ph
A ; B8 : ; C: : D:
{CH3kSi  OAc ;];

a)} Noreaction occurs ;
CN

b} 9% are aiso formed ;

¢} Reactants were pumped into the autoclave heated to 130°C and charged with the catalyst
0]

d) 5% are also formed,

138



Cyclopropenes and Methylenecyclopropanes as Multifunctional Reagents

With Ni(0) catalysts they can react by two different reaction mechanism which
give the possibility of synthesizing methylene-cyclopentanes with different substituent
patterns (see Eqs. 81, 86 and 87). In Table 11 some of the most interesting results
obtained in the preparation of methylenecyclopentanes from [(2-acetoxymethyl)-3-
allylltrimethylsilan or methylenecyclopropanes and electron deficient olefins by this
new [3+ 2]-cycloaddition methodology are summarized.

In addition to the above discussed transition metal catalyzed [3+ 2)-cycloadditions
some other methylenecyclopentane syntheses have been developed which are of
special interest within the context of annelation procedures.

They are summarized in Eqs. 119a-<.

x 0
HH . X{g TlCll' Ct X KO tBu {I/g
> — 119
(CHy)y, (227 (CH, )y {CHyln (1192)

Me;,Si Cl

n=1-2 x=H,SPh

LIN(SiMe )
e T e Xe s S
Y ROT (2zs)
0 0

M = LiCuJ
0 0 R

0
R
#R*M/B : o _kr (119¢)
{HCh; cl 7[5;3]’- H,Clry 65-75% (HZC)nH

M =CuSPh)Li n=1-2 R=H,CH,
Cu(CN)Li

While reaction 119b has been used for a (+/—) hirsutene synthesis, the annelation
according 119¢ was elaborated for a (+/—) pentalene preparation 2299,

A common feature of all these methylenecyclopentane syntheses is the incoporation
of a methylen group into the new formed five-membered ring, which allows further
functionalization. Among the manifold possibilities of derivatisation oxidation to
cyclopentanones and cyclopropanation to spiro[4,2]heptanes are of particular im-
portance (Eq. 120). The spiro[4,2]heptanes thus formed can easily be hydrogenated
to give cyclopentanes possessing a geminal dimethyl group 231~23%),

Ha/Pt CHyJpfZn-Cu
O
R E R E

R £ (03] or 050, /HJO,
e t— g
R R (120)
Ei F
R E
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Methylenecyclopentanes and alkylidencyclopentanes are easily converted by oxi-
dation into the corresponding cyclopentanone derivatives in high yield (90-95%).
The oxidations of (diphenylmethylene)cyclopentanes are more difficult: these reac-
tions are often imcomplete or do not work at all.

Starting from a methylenecyclopropane, the two step sequence — catalyzed
codimerization to a methylenecyclopentane and subsequent oxidation of the exo-
methylene group — is often much more convenient for the preparation of specially
substituted cyclopentanones than hitherto known procedures. 3-Oxocyclopentane
methylcarboxylate, for example, has been prepared in four steps starting with di-
methylmalonate and dimethylitaconate (overall yield: 18%) ?*¥, the new two step
procedure furnishes this compound in an overall yield of 83%.

Another example is the preparation of 1,2-di(methoxycarbonyl)-4-cyclopentanone.
This compound has been prepared from dimethylmaleate as a mixture of its ¢is- and
trans-isomers (yield: 45-559)?*%. A second approach starts with the Diels-Alder
adduct of 1,3-butadiene and maleic anhydride and leads to the trans-diacid (yield:
40°9;) 3%, The oldest preparation of 1,2-di(methoxycarbonyl)-4-cyclopentanone stems
from Auwers in 1893 2°7, Now, the trans-isomer is available from methylenecyclo-
propane and dialkylfumerate in an overall yield of 85 9;, whereas the pure cis-isomer
can be obtained from methylenecyclopropane and dialkylmaleate in 539 yield. With
dimethylmaleate, the Pd(0) catalyzed codimerization leads to a cis/trans-mixture of
4-methylene-1,2-cyclopentane-dimethylcarboxylate in the ratio 8:2 under optimal
conditions (see Table 11); after oxidation, the pure cis-cyclopentanone derivative
can be isolated by simple crystallization from pentane %1%,

4-Oxo-trans-1,2-cyclopentane dimethylcarboxylate is the starting material for
two total syntheses of racemic Brefeldine A 23¢%23®) (Eq. 121).

CO,CHy H CO,CHy
0= " T
4 steps 16 steps
CO,CH4 AcQ CHO
H 0
U0
e CH
l X e,
COyH by COpH
oij —— S
steps 12 st
Co,H o——Cs0 P (121)

The same compound has also been used to prepare 11-deoxy-11a-hydroxy-methyl
prostaglandin E_ 2*%.

Beginning with 3-oxycyclopentane methylcarboxylate some natural products
have also been synthesized. The key intermediate for the preparation of dihydro-
jasmone 2*, cis-jasmone **?), (Eq. 123) and sarkomycin 241) (Eq. 124) is a keto-

lactone, which is obtained from 3-oxo-cyclopentane methylcarboxylate (Eq. 122) 239,
240)

0 0

/) [ LH*
0.0 cicoErpy 050 OEt 2KOtBu bﬂo (122)
2 steps >=O
0

C0,CHy CH,OH
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0 0 0 0
— 0 —-—-—&J B &C/\/
SePh
-\\

0o 0 o Yo 0 0
oM b b e
SePh l
0o Yo 0 )
SePh
S CH,
0 0 0 0 0 0
%E[/f 0 %SC)% 3steps & (124)
OH CO,CH,

Instead of the ketolactone, a trimethylsilyl enolate may also serve as starting
material for some of the above mentioned syntheses. This can be prepared with
TMSCI and DBU as a 6:4 mixture of 3-trimethylsiloxy-2- and -3-cyclopentene-
methylcarboxylate, from which the pure lower boiling 2-cyclopentene isomer is
obtained by fractional destillation 1°% (Eq. 125).

0 o SiCHaly  _SilCH3ls o-SiCH3ls
{CH3)5SiCt 1 DBU
R AEna— + i
80% (125
6 4
. Pd(0)
(CHy)3 Si I _0Ac + CoMe  —o3u " : o
COyMe CO,Me
COMe
— 0 —= QR —»
! 82% ‘ 54°% — 82% \
CH,0H CH,0H OR
CH,0H CH,OH OR
1 (126)
= -PIN(CHg),]
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Other natural product syntheses based on Pd(0jcatalyzed [3+2}-cycloadditions
have been developed by B. M. Trost using [2-(acetoxymethyl)-3-allyljtrimethylsilane.
Thus (+/—) albene has been prepared according to the reaction sequence of
Eq. 126 242,

The initially formed [3+ 2}-cycloadduct can also be synthesized from methylene-
cyclopropane in 68 %, yield %,

A loganin aglucon synthesis has been developed as shown in Eq. 127 ***. Here
the key step is the regioselective [3 4 2]-cycloaddition of 2-cyclopentenone and 3-[(tri-
methylsilyl)methyl]-3-buten-2-yl methylcarbonate.

[/u\( Pd(0) :2:Q @
47 °Io
{CH,415Si OCOCH3

NHSOZAF
127)
HiC H OR
Y

¥ 0
—— —— e ()

66°, 69°% 28% ? Z

CO,CH; CO,CHy H Co,cH,

2-Methyl-3-methylene bicyclo[3.3.0Joctan-6-one is also the starting material for
a chrysomelidial synthesis (Eq. 128) 245-249),

%\Q Zik Zt@: 4steps %C HO (128)
[248}

Recently the Pd(0) catalyzed [3 +2]-cycloaddition methodology has been used to
prepare a synthetic precursor of pentalenene (Eq. 129) 247 In this approach, the
transformation of the exo-methylene into a geminal dimethyl-group via cyclopropa-
nation has been applied to produce the desired product.

OtBu

0tBu
0
Pd(O)
é otBu * CH3}3Su 0Ac

OtBu O tBu 0 tBu

——»ﬁ}&qﬁxéﬁx

In summary, the concept of the metal-catalyzed [3+2]-cycloaddmon using a tri-
methylenemethane-metal intermediate is a very promising method for the direct

(129)
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synthesis of five-membered rings in a one pot procedure. Since the TMM-precursors,
especially the methylenecyclopropanes discussed in detail here, are now conveniently
available in multigramm quantities this new methodology could well be developed
into a five-membered ring synthesis as universally applicable as the Diels-Alder
reaction is for six-membered ring synthesis. Further investigations are required to
achieve this aim, but the vigorous activity and wide interest in this field assure its rapid
development in the near future,

4 Conclusion

Cyclopropene, methylenecyclopropane and their derivatives have proved to be
valuable reagents in transition metal-catalyzed cycloaddition reactions. Small and
medium carbocycles can be prepared by this method. The chemoselectivity observed
in some of these reactions is quite remarkable. In addition, high degree of regio- and
stereoselectivity is obtained in most cases. In particular the new [3 +2] cycloaddition
described here and which involves methylenecyclopropane and its derivatives as
trimethylenemethane synthones, shows great synthetic promise as a method for
constructing fivemembered rings.

However, there are still a number of problems that will have to be solved: Synthetic
equivalents will have to be found for those cosubstrates that do not undergo this
cycloaddition. The possibilities of inversion the polarity (e.g. by the introduction of a
nitro-group at the unsaturated cosubstrate) remain to be examined as does the ex-
tension of these cycloaddition reactions to an intramolecular version leading to
cyclopentane annulation. Although the regioselectivity may be manipulated by
changing the catalyst (e.g. Pd(0) versus Ni(0)), there is still room for improvement
and a deeper understanding of the mechanistic details of these reactions is needed.
But the activity and the interest in this field assure that most of these problems will
be solved in the near future.
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