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This facile and easily scalable synthesis” has made bicyclopropylidene
(BCP), a uniquely strained, tetrasubstituted alkene, accessible in bulk
quantities. Thus, various applications of BCP as a multifunctional Cg
building block, and in mechanistic terms, for the understanding of certain
reaction principles,’ have been developed over the past decade.

Preparation and Functionalization
The method shown above has been extended to the preparation of
ring-annelated BCPs." The best approach to functionally monosubstituted
BCPs is by deprotonation with n-butyllithium in THF at 0 °C followed by
electrophilic substitution of the lithiobicyclopropylidene with appropriate
reagents.’” Some recent examples®® are shown in Figure 1, while the

. . . . . 3b,
previously published ones are summarized in reviews.”

1) n-BuLi, THF,0°C, 1 h

2) EIX, -78 t0 20 °C _ O
D#] > |>’:<L B(OR), = —Bi

El o
Ref. [6]: EIX = i-PrOB(OR),, El = B(OR), (76%)
Ref. [7,8]: EIX = DMF, El = CHO (73%)
Ref. [8]: EIX = CH,=CHCH,Br, EI = allyl (50%)

Figure 1. Functionalization of BCP.*™®

On the other hand, oligosubstituted, as well as oligospirocyclo-
propanated BCPs, can better be prepared according to Neuenschwander et
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al.” by dehalogenative coupling of 1-halo-1-lithiocyclopropanes generated
from 1,1-dihalocyclopropanes upon treatment with alkyllithium reagents in
the presence of copper(Il) salts (see below).

Chemical Transformations

I. Isomerizations

BCP undergoes a clean rearrangement to methylenespiropentane when
passed through a hot tube at 350 °C.***° In view of the ready availability of
BCP, this rearrangement constitutes the most convenient preparative
approach to methylenespiropentane.” When heated in a closed vessel as a
pure compound or in solution (50% in toluene), a substantial fraction of BCP
dimerizes to yield [4]rotane.'® Theoretical aspects of the thermal,’*™'' as
well as the photochemical,'” isomerizations of BCP have also been studied
in detail.

I1. Additions onto the Double Bond

While bromine addition to BCP and spirocyclopropanated BCPs is
mainly of theoretical importance,"” hydrogenation of substituted BCPs has
been used several times to prepare specific compounds. Thus, a series of ®-
trans-(bicyclopropyl)-substituted fatty acids for biological studies has been
synthesized from BCP." The key step in these preparations was a

H
1) Li (3 equiv.), NH3 ]
D:<g 2) MeOH, —78 to 20 °C D/
n 63-88% :
) n=3-8 "
THPO THPO

1) Li (3 equiv.), NH3 [: “,
2) MeOH, 78 t0 20 ° /<L

¢ H
3) 2 N HCI (3.5 equiv.)

/B\O 9 )

Figure 2. Reduction of the double bond in BCPs to yield bicyclopropyls.'*

reasonably diastereoselective Birch reduction of the bicyclopropylidene
moiety with lithium in liquid ammonia to afford THP-protected trans-
(bicyclopropyl)alkanol derivatives in 63—88% isolated yields (Figure 2). 2-
(trans-2'-Cyclopropylcyclopropyl)-4,4,5,5-tetramethyl-1,3-dioxa-2-borolane
— an important intermediate for palladium-catalyzed cross-coupling reactions
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— was also diastereoselectively prepared in 79% yield applying such a Birch
reduction (Figure 2).°

On the other hand, hydrogenation of bicyclopropylidenes with
diimide, in situ generated from 2-nitrobenzenesulfonyl hydrazide, furnished
predominantly cis-bicyclopropyl derivatives. On the basis of these two
reduction methods, five of the six possible diastereomeric
[1,1%2',1";2" 1" ]quatercyclopropanes were obtained from diastereomeric
meso- and d,I-bis(bicyclopropylidenyl)."

1-Cyclopropylcyclopropaneboronate — a starting material for the
synthesis of derivatives of the skeletally interesting [1,1';1',1";1",1""]|quater-
and [1,1%51',1";1",1";1",1""] quinquecyclopropan-1-ol by a Matteson-type
homologation'® on dibromocyclopropane — could be obtained from the
hydroboration product of BCP, yet, in only 27% yield (Figure 3)."

1) BHg:THF, 0 to0 20 °C
[>=={  2)HO(CH,)sOH, THF
> O

20°C, 14 h ‘B(
27% (0]
Br Br 1) n-BuLi, THF, =110 °C, 20 min OH
> H OH * H
2)
J 6% 14%
3) repeated 3 times, then
H,0,, NaOH, 20 °C
+ H OH
22%

Figure 3. Hydroboration of the double bond in BCP and application of the
product in the preparation of [1,1';1',1";1",1""]quater- and [1,1';1',1";1",-

1";1™,1""|quinquecyclopropanol.'™

Interestingly, the 1,1-linked cyclopropane moieties in dinitrobenzoates
of these alcohols in the crystals adopt helical all-gauche conformations.'™
Such helical overall structures have also been proved for higher 1,1-linked
oligocyclopropyl hydrocarbons, which have consequently been termed
[n]ivyanes' ™€ by Sherburn et al.'™

III. Cycloadditions. Preparation of Triangulanes and Heterotriang-
ulanes

Among other purposes, BCP serves as the best starting material for
various linear and branched [n]triangulanes — hydrocarbons consisting
exclusively of spiroannelated cyclopropane units.*™'® Thus, along with the
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well-known 7,7-dibromo[3]triangulane,”° a new large family of 7-
substituted [3]triangulanes (dispiro[2.0.2.1]heptanes) has been prepared
during the last decade by halocarbenoid transfer to BCP under different
conditions (Figure 4).19’20 Among the chemical transformations of such
[3]triangulanes, relative stabilities of spirocyclopropanated cyclopropyl
cation intermediates in solvolytic processes™ and unusual rearrangements of
dibromotriangulanes in their reactions with alkyllithiums'**'** have been
studied in especially great detail.

NaOH, PTC, Br,CHX, CH,Clo/H,0
[: ] 0°C,0.5h;0to0 20 °C, 24-48 h ;
Ref. [19a]: X = CI, PTC = 18-c-6 (56%)
Ref. [19b]: X = F, PTC = Et;BnN*CI~ (59%)
CHBr3, t-BuOK, petroleum ether

0°C,0.3h;20°C,5-24h Br
[>:<] Ref. [190—d] (61—79%)
CHBr3, KOH (powder), Et3BnN*CI~ Br

CH,Cly, 20 °C, 5 h

Ref. [20] (90%)

X R
:CRX
=] —
Ref. [20] VAV

R = Ph, X = Br; PhCHBr,, t-BuOK, pentane, 20 °C, 48 h (77%)
R = SPh, X = Cl; PhSCHCl,, 50% NaOH, CH,Cl,, 20 °C, 48 h (90%)

Figure 4. Addition of dihalocarbenes onto BCP." '

On the other hand, 7,7-dibromol[3]triangulane can be subjected to
dehalogenative coupling under the conditions of Neuenschwander et al.” in a
repetitive fashion to afford perspirocyclopropanated bicyclopropylidenes.
Along this route, the record-setting C,,-[15]triangulane with 15 spirofused
cyclopropane rings was built up starting from BCP.*> An analogous key step
— the dehalogenative coupling of a dibromocyclopropane to a
bicyclopropylidene — was employed in the syntheses of enantiomerically
pure linear [7]-, [9]- and [15]triangulanes,”* while enantiomerically pure
linear [4]- and [5]triangulanes were prepared from BCP itself.”

Epoxidations,”®  episulfidation,””  reaction with a  stable
dialkylsilylene,”® and CuCl-catalyzed phosphinidene addition®” to BCP and
spirocyclopropanated BCPs as well as their complexation® yielded 7-oxa-,
7-thia-, 7-sila-, and 7-phospha-, and 7-metalla[3]triangulane, respectively, as
well as their spirocyclopropanated analogues (Figure 5).
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Ref. [26] Ref. [27] Ref. [28] Ref. [29] Ref. [30]

Figure 5. Hetera- and metallatriangulanes prepared from BCP during the
last decade.

While BCP did not react with a photolytically generated
diethynylcarbene,”’ it furnished ethyl 7-nitrodispiro[2.0.2.1]heptane-7-
carboxylate with the rhodium carbenoid generated from ethyl
nitrodiazoacetate, yet in only 13% yield.”> The yield of the successful
cyclopropanation with diazoacetonitrile has not been reported.’”

IV. 1,3-Dipolar Cycloadditions of Nitrones

The Brandi-Guarna reaction, i. e. the stereo- and regioselective
thermal rearrangement of spirocyclopropanated isoxazolidines and
isoxazolines obtained by 1,3-dipolar cycloadditions of nitrones and nitrile
oxides to alkylidenecyclopropanes into tetrahydro- or dihydropyridones
(Figure 6),* in its extension to BCP vyielded a number of
spirocyclopropanated heterocyclic ketones.”™ Some of these products have

o
R I{L .+ benzene or tquene= R4 N'
F+ R 20-60 °C, 2-36 d o
R2 32-100% (average 83%)
15 examples (Refs. [35-38])
R'-R3 = alkyl, aryl, CO,R, CN, benzyl, substituted cycles and bicycles

Figure 6. 1,3-Dipolar cycloadditions of nitrones to BCP and thermal
rearrangement of the products.” >’

turned out to cleave supercoiled DNA in analogy to certain cytotoxic natural
products like the illudines and ptaquiloside. At least 15 new functionally
substituted bisspirocyclopropanated isoxazolidines have been prepared from
BCP in good overall yields (average 83%) (Figure 6)°> " and employed in
e. g. thermal rearrangements to afford spirocyclopropane-annelated
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tetrahydropyridones.”™’™ In  the case of N-arylisoxazolidines,

spirocyclopropanated benzoazocinones were formed in moderate yields (21—
27%).%

Chemoselective reduction of the N-O bond of the isoxazolidine ring
in  bisspirocyclopropanated isoxazolidines afforded substituted 1'-
(aminomethyl)bi(cyclopropan)-1-ols (70-90% yield), which underwent a
Pd(Il)-catalyzed cascade rearrangement into a 1:1 mixture of 3-
spirocyclopropanedihydro- and -tetrahydropyrid-4-ones (Figure 7).*° Under
the influence of trifluoroacetic acid in acetonitrile at 70 °C, these
bisspirocyclopropanated isoxazolidines undergo a fragmentative thermal
rearrangement to furnish the corresponding 3-spirocyclopropanated [3-
lactams in 75-96% yields (Figure 7).* Some such B-lactams could also be

2
R R®4ysmi, THF Ri R Pd0Ac), (10 mol%)
N 20°C, 2 h NH Py, PhMe, O,
\ — >
O 2) NHaz/MeOH OH 80 °C, 3 h
70-90% 75-95%

5 examples (Ref. [36]) 5 examples (Ref. [36])
R2-NH-OH-HCI
_MeCN, TFA NaOAc EtONa .\ H.__O
0 70°C. 05121 80-100 °C (MW) R
75-96% 0.25-2 h
49-78%
6 examples (Ref. [38]) 7 examples (Ref. [40]) poc

H—N 0]
N—/
Rﬂ 'n" MeCN, TFA or R//\Q)n Q(
N toluene, TFA (MW) N <:| Bn '
O  55-82°C,05-26h C(O)CF3
24-91% (average 66%) COzH BnO

8examples1 (I;{ef [35]) BnO Pseudotripeptide
n=1,

Figure 7. Transformations of bisspirocyclopropanated isoxazoli-
dines, 35-36:38:40-42

synthesized in a one-pot three-component reaction upon microwave heating
of mixtures of BCP, certain alkylhydroxylamine hydrochlorides and
formaldehyde (or an alkyl glyoxylate) in the presence of sodium acetate in
ethanol for 15—120 min in 49—78% yields (Figure 7).*

The acid-catalyzed fragmentative thermal rearrangement of some
bicyclic bisspirocyclopropanated isoxazolidines was accompanied by an
opening of the P-lactam ring affording protected derivatives of a-
cyclopropyl-p-homoproline (Figure 7).>> The latter were used for the
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preparation of biologically active pseudotripeptides (Figure 7). At last, all
the transformations discussed above have been realized in their
intramolecular versions as well.*'**

V. Additions and Cycloadditions in the Presence of Transition Metals
Metal-mediated or -catalyzed reactions of methylenecyclopropanes
including BCP have been studied extensively and found to proceed almost
exclusively with opening of a cyclopropane ring,* whereas cyclopropane-
retained compounds were observed as side products at best. In contrast to
this, conservation of both rings was observed in the first ruthenium-
catalyzed intermolecular hydroarylation of BCP via C-H bond
functionalization, a remarkable reaction mode for a transformation
proceeding through a (cyclopropylcarbinyl)metal intermediate (Figure 8).**

[RuCly(cod)],, (5 mol%)
X-Phos (10 mol%)

- D=

1,4-dioxane, 120 °C
Ref. [44]

|\
_N
+

H 33% 60%
OMe 85%

S|R§
XR
R! 31 R! >|\/k \oP“c’\(L 3&
~ - ?6
)|( N pentane or PhMe
»-Sil o 5070 °C, 3-7 d ‘7(/%
R™ g2 R [Pd] (2 mol%)

R!
R3
41-92% (5 examples) DZ(_/

X = Si, Sn (Ref. [45]) SR
Figure 8. Metal-catalyzed additions onto the double bond in BCP.

44,45

On the other hand, inter- and intramolecular palladium-catalyzed
additions of disilanes, silylboranes, silylstannanes, and silyl cyanides across
the double bond of BCP can proceed in two modes — with and without
opening of one cyclopropane ring — yielding either bicyclopropyl or
cyclopropylidenepropane derivatives depending on the nature of the reagent
and the palladium catalyst (Figure 8).*
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The carbonyl ylide 1,3-dipoles, generated by dirhodium tetraacetate-
catalyzed decomposition of 1-diazo-5-phenylpentane-2,5-dione and 1-(1-
acetylcyclopropyl)-2-diazoethanone, cycloadd to BCP to give bridgehead-
substituted di- and trispirocyclopropanated 8-oxabicyclo[3.2.1]octan-2-one
and 7-oxabicyclo[2.2.1]heptan-2-one, respectively, yet only in 57 and 16%
yield (Figure 9).* Intramolecular Pauson-Khand reactions of BCP
derivatives®’ and cobalt(I)-mediated intramolecular [2+2+2] cocyclizations
of (bicyclopropylidenyl)diynes®® also proceeded with retention of both

[Rh(OAC)], Ph
Ph (0.6 mol%) | >:<]
0 o CHCl2, 20°C, 1 h +0 ol Geaiv) Ph
l (Ref. [46]) - 57%
2

Figure 9. Cocyclizations of BCPs in the presence of transition metals with
conservation of both cyclopropane rings.*

cyclopropane rings and afforded cyclopropane-fused and spirocyc-
lopropanated  bicyclo[3.3.0]alkenones)”’ or cobalt-complexed tricyclo-
[7.3.0.0*°]dodeca-1,6-dienes,™ respectively, in moderate to good yields.

Cr(CO)s5
' RJ\OEt

1) MeOH, H,0, 110 °C, 16 h 0

2) 2N aq. HCI, THF, 20 °C,6 h
R

72% (R = Ph)
65% (R = Me)

(Ref. [49]) 0 R
Ni(cod),, PPhs
I o LI
R 45-93% (15 examples)r
(2 equiv.) (Ref. [50])

R = n-Bu, t-Bu, Me;Si, Cpr, Ph, CO,Me, CH,OTHP, CH,OBn, etc.

Figure 10. [4+1] Cocyclization of BCP with Fischer carbenechromium
complexes and nickel-catalyzed intermolecular [3+2+2] cocyclizations of
BCP and alkynes.*”’

On the other hand, Fischer carbenechromium complexes react with
BCP in an unprecedented manner: All four carbon atoms of one of the
methylenecyclopropane moieties of BCP along with carbon monoxide are
incorporated with the formation of three new C—C-bonds to give substituted
cyclopentenone derivatives in good yields (65-72%) (Figure 10).* Under
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the catalysis of bis(1l,5-cyclooctadiene)nickel(0), in the presence of
triphenylphosphine, two molecules of BCP and one molecule of a terminal
alkyne at ambient temperature, undergo an intermolecular [3+2+2]
cocyclization with opening of one cyclopropane ring to furnish bis-
spirocyclopropanated cyclopropylidenecycloheptene derivatives in 45-93%
yields (Figure 10).° For comparison, methylenecyclopropanes under these
conditions experience an intermolecular [3+2+2] cocyclization of one
molecule of methylenecyclopropane and two molecules of a terminal
alkyne.”'

VI. Domino Heck-Diels-Alder Reactions

The previously reported Heck coupling of haloarenes and BCP
afforded I-arylallylidenecyclopropanes, which can be trapped in a Diels-
Alder reaction with an appropriate dienophile to give 8-arylspiro[2.5]octenes
(Figure 11)°*” In the presence of trisfurylphosphine instead of
triphenylphosphine the 1-arylallylidenecyclopropanes undergo readditions of
the hydridopalladium halide to yield c-allylpalladium intermediates, which
are efficiently trapped with various nitrogen and carbon nucleophiles

R4
Ar
Arl, Pd(OAc), R3
e . Oz
I LowE 16-100%

(44 examples) R
IL,Pd L = PPhs

(Ref. [62,53])
N\

PdL,|
Ar n

L = FusP (Ref. [53,54])

Figure 11. Two reaction modes of BCP under Heck conditions and domino
Heck-Diels-Alder reactions.” >

to yield functionally substituted methylenecyclopropane derivatives (Figure
11).>>* Both these reaction modes were further developed during the last
decade. Thus, a new large family of substituted spiro[2.5]oct-4-ene
derivatives has been synthesized from BCP employing this highly efficient
three-component domino reaction, in most cases in good to very high yields
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(49-100%) (Figure 11).”> Moreover, the coupling of oligoiodobenzenes with
BCP and subsequent cycloaddition was extended to this multicomponent
reaction. For example, 1,2,4,5-tetraiodobenzene gave the fourfold domino
Heck-Diels-Alder product in 47% isolated yield, in a single operation, in
which 12 new carbon-carbon bonds were formed.™

This three-component domino reaction has also been extended to
monosubstituted BCPs.® The second reaction mode of BCP with an
intermediate c-allylpalladium species in the presence of a secondary amine
and trisfurylphosphine was further developed into a one-pot, four-
component two-step queuing cascade with iodoethenes and secondary
amines to provide 8-(10-aminoethyl)-substituted spiro[2.5]oct-7-ene
derivatives (Figure 12)." The same one-pot, two-step queuing cascade can
be carried out with cyclic dienophiles such as N-arylmaleinamides and N-
phenyltriazolinedione to furnish highly substituted spiro[2.5]oct-4-enes and
spirocyclopropanated heterobicycles.

H |

R2 R3
1) Pd(OAc),, FusP, NEt;
1 3 .
R DMF, 80 °C, 2 h EWG N
+ HN > EWG2 !
R!  2)dienophile, 80 °C, 48 h my RS R
29-66% (22 examples
Ref. [57] o ( ples)  Ewg! g
EWG!
dienophile =
y EWG2  EwG?
Pd(OAC)z, Ph3P, KZCO3
I + X Br > N
N — DMF, 110 °C
T 32-72% (14 examples) R
Refs. [58,59] %

R = alkyl, alkenyl, aryl, SiR3;, CO,Me; X = O, NTs, C(CO,Me),

Figure 12. Four-component two-step queuing cascade reactions of BCP and
palladium-catalyzed cross-coupling/electrocyclization cascade reactions.”” ™

Finally, further cascade reactions involving Heck-type coupling of
BCP with 2-bromo-1,6-enynes afforded cross-conjugated tetraenes which, at
elevated temperatures, underwent 6m-electrocyclization to  give
spiro[cyclopropane-1,4'-bicylo[4.3.0]-1(6),2-dienes] (Figure 12).°%>°
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