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The effective use of ring strain has been applied to considerable
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advantage for the construction of complex systems. The focus here is

directed towards cyclopropanes as building blocks for organic
synthesis. Although thermodynamics should take the side of synthetic

chemists, only a specific substitution pattern at the cyclopropane ring

allows for particularly mild, efficient, and selective transformations.

The required decrease in the activation barrier is achieved by the

combined effects of vicinal electron-donating and electron-accepting
moieties. This Review highlights the appropriate tools for successfully
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employing donor—acceptor cyclopropanes in ring-opening reactions,

cycloadditions, and rearrangements.

1. Introduction

In the teaching of the basics of organic chemistry there is
a cantus firmus to decrease strain energy in molecular systems
or at least not to create too much thereof. This basic rule,
which is naturally based on thermodynamic considerations,
serves for understanding many organic reactions. Of course,
chemists are also able to prepare highly strained systems, such
as cyclopropanes with a ring strain of about 115 kJmol~.1!
This, however, often requires substrates which are even
higher in energy, such as carbenes, carbenoids, or diradicals.”!
It may be summarized briefly and concisely that cyclo-
propanes are very high in energy. At the same time, the C—C
bonds of this molecule are rather kinetically inert and despite
its strain, the molecule does not tend to give up on its cyclic
structure. This fact is a prime example for illustrating the
essential role kinetics plays in determining reactivity. Cyclo-
propanes will volountarily undergo reactions such as vinyl-
cyclopropane—cyclopentene rearrangements if given the
opportunity. Either a diradicaloid (proceeding via a stabilized
intermediate allyl radical) or a concerted mechanism are
discussed for this type of reaction.”! The C—C bond of the
cyclopropane may be cleaved even more easily when donors
and acceptors are installed in vicinally at the three-membered
ring system. When speaking of donor-acceptor (D-A) cyclo-
propanes, one usually has compounds of type 1 in mind. A
geminal substitution of the donor and acceptor, as in
compound 3, is of very little synthetic relevance, even
though compounds of type 3 display important structural
elements, for example, as amino acids for medicinal chemis-
try¥ and play a role in the synthesis of the phytohormone
ethene (Scheme 1).”! The rather weak chemical bond

D = donor
A = acceptor
DAA — - 7
1lel 2 3
el Usually trans-derivatives are used in case of 1,2-disubstituted cyclopropanes.
Scheme 1. Zwitterionic relationship in vicinally substituted D-A cyclo-

propanes 1 as well as geminal substitution in three-membered ring 3.
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between the donor- and acceptor-substituted carbon atoms
of the cyclopropane, which can readily be cleaved heterolyti-
cally, may easily be rationalized by a zwitterionic relationship
2, in which the negative charge is stabilized by the acceptor
while the positive charge is stabilized by the donor. This push—
pull effect induces a high polarization of the C—C bond, which
allows for a multitude of different reactions.”!

The first investigations on activated cyclopropanes, which
at the time were prepared only bearing acceptor groups
instead of the typical vicinal donor—acceptor pattern used
nowadays, were carried out in the 1960s and 1970s.”1 The
research groups of Wenkert and Reissig were responsible for
the arrival of a first golden age for D-A cyclopropanes in the
1980s™® and it was Reissig who termed these entities donor—
acceptor cyclopropanes.®™ All the fundamental types of
reactions were reported during this period. They become
understandable only when taking the 1,3-zwitterionic rela-
tionship into account. Reactions with electrophilic substrates
formally lead to the formation of homoenolate products,
while conversions with nucleophilic substrates lead to homo-
conjugated addition products. Saturated or partially unsatu-
rated five-membered ring systems are formed in reactions
with systems bearing double or triple bonds (Scheme 2). On
the other hand, many acceptors allow the transfer of the
negative charge from the C atom, where it was once located,
to the acceptor, which leads to the insertion of the acceptor in
rearrangement reactions.

For some years now, D-A cyclopropanes have experi-
enced an unexpected renaissance. Formerly uninvestigated
donors and acceptors (or their combinations) are in the focus
of ongoing investigations, as well as being possibilities for
enantioselective transformations, where their very special
reactivity can be used as a key step in the total synthesis of
various natural products. This Review aims to prove that D-A
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Scheme 2. Different types of reactions of D-A cyclopropanes 1.

cyclopropanes have indeed reached a second golden age by
portraying the most recent developments in this rapidly
evolving field.

2. Ring-Opening Reactions
2.1. Ring-Opening Reactions with Nucleophiles

The most basic transformation of a D-A cyclopropane one
can imagine is its transformation into an open-chain system.
This allows ready access to 1,3-bifunctionalized derivatives.
Such ring-opening reactions are usually conducted under
Lewis acid catalysis, with the positive charge often captured
by heteroatom-containing nucleophiles or electron-rich
arenes. The negative charge next to the acceptor substituent
is typically neutralized by a proton. The resulting structures
have already found widespread application in the synthesis of
biologically active molecules.”)

2.1.1. Addition of Heteroatom Nucleophiles

The opening of enantiomerically enriched D-A cyclo-
propanes by nucleophilic attack gives rise to the question of
whether their enantiomeric excess is retained during this
transformation. Studies on ring-opening reactions of aryl-
substituted 1-nitrocyclopropanes with heteroatom-containing
nucleophiles conducted by Charette and co-workers revealed
that a complete retention of the ee value is possible in the
products 7a and 7b. On the one hand, the research group was
able to perform reactions of doubly activated cyclopropanes
with a variety of phenols by using multiple equivalents of
caesium carbonate as a base (Table 1, entry 1).') On the
other hand, the synthesis of amino-functionalized acyclic
products based on enantiomerically enriched D-A cyclo-
propanes could be achieved by using primary or secondary
amines (mostly aniline derivatives) and catalytic amounts of
Ni(ClO,), as a Lewis acid (Table 1, entry 2)."!

A very efficient TiCl,-mediated ring-opening reaction of
glycal-based D-A cyclopropanes yielded O,0O-acetals 7¢ by
installing primary alcohols such as methanol, phenol, and allyl
alcohol. Yu and Pagenkopf used thiols to successfully carry
out a stepwise synthesis of 2-sulfanylpyrans 7d, which may
find application as glycosyl donors in the synthesis of
carbohydrates (Table 1, entry 3).” Another possibilty to
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accomplish the synthesis of 1,3-functionalized acyclic prod-
ucts is through the reaction of cyclopropane hemimalonates
with ammonium azide. It is assumed that the formation of the
carboxyl azide is the initial step in this conversion. This should
then be followed by the transfer of the azide to the donor-
substituted carbon atom of the cyclopropane through a [3,3]
sigmatropic rearrangement, during which a ketene is formed
as an intermediate. Under aqueous conditions this intermedi-
ate is transformed back into the carboxylic acid and then
decarboxylates thermally. Studies on the complete hydro-
genation of the obtained azides 7e to yield esters of y-
aminobutyric acid as well as cyclizations to yield y-lactams
could be carried out successfully (Table 1, entry 4).1%!

Ring-opening reactions of D-A cyclopropanes have also
been established as a method for glycosylation. 3-Ketosub-
stituted glycal derivatives with an annelated cyclopropane in
the 1,2-position undergo reactions with alcohols, in which the
six-membered rings of the pyranoses are transformed into
sugars containing seven-membered-ring systems.!'*
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Table 1: Ring-opening reactions with heteroatom nucleophiles.?!

A

D A
1

NuH, catalyst/LA

Entry D A Nu Cat./LA Main product (7)  Max. yield, de, ee
d X
no) NH "o o A 0
1 aryl NO,, CO,Me R@/ Cs,CO;, * 84%, —, 95% ee
Z D)\/k/\
a
R y-R A
20 aryl NO,, CO,Me HNR’, Ni(ClO,), D/K/kA 94%, —, 92% ee
b
R"\X
307 Oglycal CO,Me/Et R'XH Ticl, o 84%, —, —
¢ (X=0)
d(X=8)
N; H
403 aryl CO,Me, CO,H NH4N3IC] _ D)‘\/I\A 95%, —, 90% eel?
e

[a] Aryl=H/Cl/Br/OMe/NO,-Ph, 1-naphthyl, styryl; R=0/p-OMe, m-NHBoc, m-Cl, 0-Br, p-CF;; R'=H,
Alk, H; R”=Me, Ph, Bn, allyl. Bn =benzyl, Boc =tert-butoxycarbonyl, Nu = nucleophile, LA= Lewis acid.
[b] Use of enantiomerically pure cyclopropanes. [c] Generated in situ from NaN; and NH,Cl.

2.1.2. Addition of Carbon Nucleophiles

Among the variety of carbon nucleophiles, electron-rich
arenes such as indole play a special role. Friedel-Crafts

alkylations involving the ring-open-
ing reactions of D-A cyclopropanes
usually occur at the 3-position of
the indole moiety. Most recent
studies in this field are based upon
investigations performed by Kerr
and co-workers on the indole-
induced bond cleavage of D-A
cyclopropanes.['®<! Subsequent
studies by Johnson showed that
control could be exerted over the
stereocenter formed in this reaction
by employing a pybox ligand
(pybox*), which enforces a chiral
environment upon the Lewis acid
Mgl,. The D-A cyclopropanes,
which are used as racemic mixtures,
are converted into products 8a with
ee values of up to 94 % by dynamic
kinetic resolution (Table 2,
entry 1).!°] In 2011, further inves-
tigations proved that when employ-
ing hemimalonates, that is, sub-
strates with a geminal substitution
with ester and acid groups, an addi-
tional activation of the carbonyl
acceptor is achieved through for-
mation of intramolecular hydrogen
bonds. This catalyst-free route to
1,3-functionalized indole deriva-
tives 8b with remarkable yields in
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some cases was only successful
when carried out under very
high pressure (13 kbar; Table 2,
entry 2).1 At the same time,
Waser and co-workers broadened
the scope of indole-induced ring-
opening reactions by making them
also applicable to acceptor-sub-

stituted amino  cyclopropanes
(Table 2, entry3), even though
a D-A cyclopropane carrying

a phthalimido donor had been
employed in a reaction before
under similar conditions without
any success. Alkylation at the
3-position was made possible by
utilizing Sc(OTf); as a Lewis acid
to yield 8¢ from a variety of sub-
strates. Alkylation with 3-substi-
tuted indole derivatives was only
observed in the 2-position, as in
product 8d.'°! Furan and pyrrole
could also be used in Sc(OTf);-
catalyzed reactions, as shown by

Reiser in a highly complex multicomponent reaction that

yielded pyrrolidinones.!”!

The conversion of D-A cyclopropanes in the presence of
TiCl, with subsequent addition of allyl trimethylsilanes results

Table 2: Ring-opening reactions of carbon nucleophiles.

D /A\A

NuH, catalyst/LA

Nu
D)\/\A

O,
Ct

tBu tBu
1 8 pybox*
Entry D A Nu Cat./LA Main product Max. yield, de,
(8) ee
R @ 3-Indolyl A 969
i . * 0y ™
1% aryl, styryl  2xCO,Me Z~N (pybox*)Mgl, D)\/kA 04% eeld
TBS a oee
R® 3-Indolyl H
2l13q anyl CO,Me, O N _ D)‘\/kA 94%, —, —
CO,H \
R b
3-Indolyl A 97% .
R A 6
39 amine 2xCOCHCF, RE T MR scoTh) y
2 3 N N 3 2-Indolyl A 91%, 88% de,
R D)\/kA _ld
d
| | Allyl o % d
- iM B
408 giﬁzca, COR :FSI es Ticl, D)\/\A §7 %, 82% de,
e
A
g 3= R , R Z A 92%, -,
5 2xCO,Me R'X CuCN \[y . 96% el

R

[a] Use of enantiomerically pure cyclopropanes. [b] R*=H, Alk, R®=H. [c] R®*=H, R®#H.
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in direct allylation in high yields,
albeit with rather low selectivity
(Table2, entry4). Therefore,
glycal-based systems as well as

D. B. Werz et al.

Table 3: Transition-metal-catalyzed ring opening with electrophiles.

E, catalyst |
- = WA
9 10

some sterically less-demanding gpyy D A

gl Cat./LA

Main product (10)¥  Max. yield, de, ee

three-membered rings with oxygen
donors were treated with Lewis
acid. The formation of oxocarbe-
nium ions has been postulated.
These ions then act as electrophiles
and are attacked by the allyl resi-
due, thereby leading to the forma-
tion of products 8e.'s! Besides the
commonly observed 1,3-additions, 3ez ;
a ring-opening reaction leading to
a 1,5-addition was recently carried

120 vinyl 2xCO,Me

221 vinyl 2xCO,Et

H/CO,Alk
nyl Ac/ Al

o BN
[e]
0 (5)-[Ir]," K;PO, D A

) [N}l P<<:|> [oNe}
B,(pin), 3 B A

R _OH

89%, 90% de, 98 % ee

M [Pd] [ B,(pin),

o, o, _
oMo pTsOH 74%, 100% de,

85%, 90% de, —
K3PO,

out. The starting point was an
alkyne-substituted cyclopropane, [C]
which was treated with an insitu
generated organocuprate, thereby
establishing a synthetic route
towards trisubstituted allenes such
as 81 (Table 2, entry 5).1"" SHin

2.2. Ring-Opening Reactions with
Electrophiles

Ring-opening reactions of D-A cyclopropanes with suit-
able electrophiles—similar to the analogous reactions
employing nucleophiles—are another elegant way to synthe-
size 1,3-substituted acyclic systems. Most recent develop-
ments in this field include transition-metal-catalyzed ring-
opening reactions of acceptor-substituted vinylcyclopropanes
9. Therein a nucleophilic m-allyl-metal complex is formed
which can undergo further reactions with electrophiles such
as carbonyl compounds. The polarity of the donor-substituted
carbon atom is formally reversed during this reaction, thus
allowing for nucleophilic reactivity.

Krische and co-workers succeeded in effectively employ-
ing aldehydes and in some cases even alcohols (which were
first dehydrogenated to form aldehydes) as electrophilic
coupling partners and conducting these reactions enantiose-
lectively. Iridium complexes based on binap were found to be
suitable catalysts for the diastereo- and enantioselective
synthesis of homoallylic alcohols 10a. The thus-obtained
products were then directly converted into disubstituted 0-
lactones (Table 3, entry 1).?! Further important insight into
this field was gained from studies by Szabé and co-workers on
the stabilization of allylic systems by palladium pincer
complexes. A prominent example is the reaction of vinyl-
cyclopropane 9 with a palladium catalyst and equivalent
amounts of bis(pinacolato)diboron (B,(pin),) shown in
Table 3, entry 2. The subsequent conversion to afford prod-
ucts 10b could be achieved by utilizing various aldehydes,
which were generated in situ from the corresponding acetals
and catalytic amounts of p-toluenesulfonic acid (p-TsOH).*"
On the basis of these results, vinylcyclopropanes 9 were also
optimized for application in [Ni(cod),] (cod =1,5-cycloocta-
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[a] R=Ph, piperonyl, styryl, n-octyl. [b] E=electrophile.

th
th MeS—Pd—SMe @ S
[ )‘ Yo %

MeCN Fy4

[Pd] [Ni]

diene) induced borylation reactions, wherein multiple equiv-
alents of base were needed for activation of the diboron
derivative. In analogy to the palladium-catalyzed reactions
described before, this transformation makes allylic boronic
acid esters 10c accessible with high FE selectivity, with the
desired 1,5-addition taking place exclusively (Table 3,
entry 3).*2

2.3. Ring-Opening Reactions by Activation of the Donor or
Acceptor

Ring-opening reactions, in which the intermediate is
stabilized neither by the addition of nucleophiles nor by
conversion with electrophiles, can be initiated by choosing
suitable Lewis or Brgnsted acids or by deprotection of
silyloxy donors. The latter was clearly the focus of recently
presented investigations by Gladow and Reissig. By using
D-A cyclopropanes 11 as starting materials they achieved the
synthesis of y-ketoesters 12 by a fluoride- or proton-induced
deprotection of the silyl group, as well as the direct synthesis
of the corresponding hydroxyesters 13 by conversion with
metal hydrides. The use of Grignard reagents led to the
transformation of compound 11 into a tertiary alcohol, which
was then converted into the 3,y-unsaturated ketone 14 by acid
catalysis (Scheme 3).*! Furthermore, such derivatives of
three-membered rings are ideal precursors for y-lactones.
Conversion with hydrazine enables the synthesis of dihydro-
pyrazinones, whereas 1,4-formyl ester 12 (R=H) can be
employed to obtain a variety of porphyrin analogues.**%)

The activation of a carbonyl acceptor of aryl cyclo-
propanes 15 by using stoichiometric amounts of trimethylsilyl
trifluoromethanesulfonate (TMSOTY) as the Lewis acid or
catalytic amounts of Sn(OTf), facilitates the synthesis of

Angew. Chem. Int. Ed. 2014, 53, 5504 —5523
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F@ H@ O R
or
| > RJ\)\COQEt
12
R R OH R
OEt MBH,4
TBSO% —_——>
5 (M = Na, K) RMCOZEt
11 13
(R =H, CF3, CgF5, CsF14)
(R' =H, CF3) 0 R
(R" = Me, Ph) | DR'MgBr__ R"
2)H® R N

R"
14

Scheme 3. Different types of ring-opening reactions based on TBS-
protected cyclopropyl ether 11 according to Gladow and Reissig.
TBS =tert-butyldimethylsilyl.

styryl malonates 16 (Scheme 4). By utilizing various aromatic
donors, Melnikov and co-workers were able to obtain a variety
of (E)-propene derivatives in yields of 56-86%.%° Ring-
enlargement reactions were often observed to occur as side
reactions. Therein, incorporation of the ester functionality is
probably the first step, followed by hydrolysis of the formed
acetal to give the y-butyrolactone 17.

COR

COR 2
coR TOTNMSAR NS4 Ar/\/kCOR * w(i

A Go,R  PhC, reflux 2 Ar™ NG~ S0
15 16 (56-86%) 17 (<5%)

Scheme 4. Ring-opening reactions for the synthesis of (E)-styryl malo-
nates 16 according to Melnikov and co-workers.

The improved donor properties of a hydroxy group
generated by cleavage of the ester group and the thus-
initiated ring opening were utilized as key steps in the total
synthesis of several natural products by Reiser and co-
workers.””! This sequence was recently employed in the
synthesis of both enantiomers of the natural product artelu-
dovicinolide A (21). The oxalylic acid ester 19 was selectively
converted with base into the corresponding alcoxide, which
carries a vicinal electron-withdrawing ester substituent. Ring
opening gave the corresponding carbalde-
hyde 20, which retains the steric information
almost completely. The natural product 21
was successfully synthesized in only nine
steps starting from furan derivative 18

1) N;CHCO,Et, box*

2) O3, Me,S

Angewandte
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step, ring opening of the cyclopropane, which bears both an
ester acceptor and a formal heterovinyl donor, results in the
formation of the isomerization product 26. After a final
proton transfer and aromatization of the five-membered ring,
the corresponding heterocycles 27 are obtained almost
quantitatively (Scheme 6).*!

2.4. Cyclodimerizations

In all the reactions mentioned in the previous sections, the
D-A cyclopropanes were opened to give acyclic systems.
Investigations on Lewis acid induced ring-opening reactions
of 2-aryl cyclopropane-1,1-dicarboxylates showed that small
amounts of a dimerization product with two three-membered
rings were formed.”® Optimization studies revealed that
highly concentrated solutions and often even high reaction
temperatures favor cyclodimerizations. Cyclopentanes or
cyclohexanes are formed, depending on the mode of cycliza-
tion. A multitude of highly substituted cyclic ring systems as
well as indanes and dihydroanthracenes are accessible by
choosing suitable starting materials.

2.4.1. [3+2] Cyclodimerizations

In [342] cyclodimerizations two three-membered rings
react to form a cyclopentane derivative. One of the cyclo-
propanes undergoes isomerization to form an open-chain
alkene 31, while the second equivalent of
D-A cyclopropane 15 acts as a zwitterionic synthon 28 and
reacts with the alkene (Scheme 7). Performing this reaction in
the presence of catalytic amounts of Lewis acids such as
Sn(OTf), or Yb(OTTf); in chlorobenzene under reflux con-
ditions gave optimal results. The desired cyclodimerization
products 32 were obtained exclusively in yields of 50-80 % .

Aryl residues bearing a strong electron donor, such as
alkoxy or amino groups, were employed most successfully in
these reactions, whereas phenyl or p-toluyl substituents
already led to a significant increase in the reaction time
needed for full conversion. In some cases their use even
caused a considerable decrease in diastereoselectivity.

Cu(OTf),, PANHNH,

o o o]
(Scheme 5).2 W 3)BF,-OFL, A TMS | yeo,co0” “coset| ]
An in situ formed heterovinyl donor has 4) TIPSOT, 2,6-lutidine

been used in a tungsten(0)-catalyzed cyclo- 18 19
dimerization. This route enabled bicycles Ba(OH),+8H,0
with annelated three-membered rings bear- MeOH, 0°C
ing an alkyne residue as in 22 to be trans-
formed into dihydrobenzofurans and 4 steps v“‘gT'PS
-indoles. Sarpong and co-workers postulated S E— -
the formation of metal-vinylidene species 23 O CO.Et
from the tungsten complex W(CO)sTHF

arteludovicinolide A (21) 20

and a terminal alkyne. Proto-demetalation of
the zwitterionic intermediate 24 would lead
to the tricyclic intermediate 25. As the final

Angew. Chem. Int. Ed. 2014, 53, 5504 —5523
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Scheme 5. Total synthesis of arteludovicinolide A (21) by Reiser and co-workers. TMS =tri-
methylsilyl, TIPS =triisopropylsilyl.
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COEt
#_  W(CO)-THF §OF
H 7 EtN H —=[W]
X > X ”
THF, 23 °C
22 23
X=0,NOR l
CO,Et COLE CO.Et
© 7 H(/%/ /X
- -
[N X X
X ®
27 26 25

Scheme 6. Proposed mechanism of cyclodimerization to yield 3,4-
dihydrobenzofurans and -indols of type 27 according to Sarpong and
co-workers.

Ar CO,R
) CO,R  Yb(OTh); 4AMS COR
' COR CeHsCl, reflux Ar CO;R
up to 80% RO,C
15 32
Ar = Ph, p-Tol,
=
LA l EDG @ T 28
X
RO.__O--LA RO._O- LA
- ~
®
Ar/\)@;(OR Ar/\/\K[(OR
0 o}
28 31
RO, O-1A RO._O-LA
=
®
~_OR -
Ar/h/\/g/ —_— Ar/\/\%/OR
NGRS OoH
~O 29 30

Scheme 7. Proposed mechanism for the [3+2] cyclodimerization for
converting 15 into 32. MS =molecular sieves, EDG = electron-donating

group.

Melnikov and co-workers showed that very electron rich
aryl residues such as brenzcatechines allow for an annelation
of the formed cyclopentane to obtain indanes and respective
heteroarenes. In analogy to the dimerization reactions
mentioned before, performing the reaction under condi-
tions a (Scheme 8) leads to bond formation between the
zwitterionic species 33 and the insitu generated olefin 31,
thereby resulting in the formation of intermediate 34. A
subsequent Friedel-Crafts alkylation results in the formation
of indanes of type 35. The nucleophilic attack of the aromatic
system seems to be favored over a cyclization with the
aliphatic residue, which had been observed before. This
sequence was expanded by employing nucleophilic hetero-
arenes such as thiophene, benzofuran, and indole. A crossed
version of this cyclodimerization using a variety of aromatic
derivatives was also possible, by isolating olefins 31 before
performing reactions with D-A cyclopropane 15 (by applying
conditions b in Scheme 8).P"

As recent investigations have demonstrated, it is even
possible to include one of the carbonyl groups in the

www.angewandte.org
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a) 15 (2.0 equiv) CO,R
Sn(0Tf),
CH3NO, reflux ROC
CO.R up to 80% CO,R
o ~ ()
COR b) olefin 31 { COR
Sn(0Tf), Ar
15 CgHsCl, 100 °C 35
up to 87%

¢~H®

=
_ 2| Ar= (EDG),,—(j, 3-indole
RO_O-LA N

® o
OR RO.__O--LA
| =
3 o)
TV 5 . RO,C COR
e Cag
_ 5 @D Ar
RO._O-LA
\ OR 34
Ar
L 31 © J

Scheme 8. [34-2] Cyclodimerization to afford cyclopentane derivatives
35 through annelation of very electron rich arenes.

dimerization process by choosing appropriate conditions.
This was made possible by using GaCl; as a Lewis acidic
catalyst as well as a pyrazoline-based organocatalyst 36, which
additionally stabilizes the positive charge in species 37.
Starting from 2-aryl cyclopropane-1,1-dicarboxylates 15 this
synthetic strategy provides access to oxabicyclooctanes 38
(Scheme 9).1%2

OR COR

2 /A(COZR 36, GaCls Ar-_O3 [ COR
Ar
COR CH,Cly, 30 °C
RO
Ar
15 up to 74%, 100% de 38
RO._O---LA
Ar
o
OR
37

Scheme 9. [3+2] Cyclodimerization to form oxabicyclooctanes 38 in
the presence of organocatalyst 36 according to Tomilov and co-
workers.

2.4.2. [3+3] Cyclodimerizations

The wunusual 1,3-zwitterionic relationships that occur
during the synthesis of annelated indane systems 35 led to
other interesting results. D-A cyclopropanes are not only
suitable substrates for [3+2] cyclodimerizations, they can also
undergo [3+3] cyclodimerizations. The synthesis of diaryl
cyclohexanes 39, tetrahydronaphthalenes 40, and in some
cases even the synthesis of dihydroanthracenes 41 was
achieved starting from the conversion of aryl cyclopropane-
1,1-dicarboxylates 15 with strongly activating Lewis acids
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such as tin(IV) or titanium(IV) chloride. In all these reactions
very electron rich arenes such as substituted methoxyben-
zenes were employed as the starting material. Cylohexanes
and dihydroanthracenes 39 and 41 could be synthesized by
utilizing stoichiometric amounts of SnCl, or catalytic amounts
of Sn(OTY), in solvents such as nitromethane or chloroform,
respectively, at about 50°C. The formation of anthracene
derivatives was only observed in a few cases where special
substitution patterns with up to three electron-donating
methoxy groups were present (Scheme 10).

LA CO,R LA
_ X Ar Ar = very
Ar = electron-rich CO,R electron-rich
15 l
RO__O---LA RO__O---LA
@ = @ -
OR OR
A B
[e] 5" o
28 33
= J
SnCly SnCly SnCly or Sn(OTf),

CH,NO,, 50 °C CH3NO,, -20 °C

RO,C RO,C

RO,C
CO,R CO,R 2
2 2 RO,C m
Ar Ar Ar Q .,.,..>_ C it
CO,R >—COZR
ROL CoLr (&) coRr COR
39 40 41

up to 86%, 100% de up to 90%, 90% de up to 88%, 90% de

Scheme 10. Postulated reaction mechanism for different types of [3+3] cyclo-

dimerizations of electron-rich aryl cyclopropane-1,1-dicarboxylates 15.

Carrying out the reactions at significantly lower temper-
atures of —40°C or —20°C under the conditions shown in
Scheme 10 gave the desired tetrahydronaphthalenes 40 with-
out any side products. Except for the synthesis of cyclo-
hexanes 39, which is completely diastereoselective, all the
reactions could be carried out with selectivities ranging from
rather poor 10% up to excellent 90 %, depending on the
choice of substrates. The thermodynamically favored trans
isomer was formed in all these reactions. However, the
multiple equivalents of Lewis acid required in these con-
versions as well as the rather unreproducible yields in some of
them and the limitation of using electron-rich arenes clearly
demonstrate a further need for optimization.

3. Cycloadditions

Cycloadditions of activated D-A cyclopropanes with
dipolarophiles, 1,3-dipoles, or dienes are a valuable tool for
accessing highly functionalized five-, six-, or seven-mem-
bered-ring systems. A very high regioselectivity is observed in
all these reactions, as the partially negatively charged center
of the reaction partner preferentially attacks the donor-
substituted carbon atom of the three-membered ring. Dia-
stereo- and enantioselective reactions are possible when
utilizing chiral substrates, chiral Lewis acids, or dynamic
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kinetic asymmetric transformations. Although a variety of
donors have been described for application in these reactions,
thus far geminal ester groups have been virtually the only
acceptors described.

3.1. Cycloadditions with Aldehydes and Ketones

Cycloadditions of D-A cyclopropanes with ketones or
aldehydes lead to the formation of THF derivatives. When the
first investigations of D-A cyclopropanes were carried
out in the 1980s and 1990s, alkoxy groups were almost
the only donors used in these reactions.® More recently
the use of alkyl, aryl, and amino donors has also been
reported. Johnson and co-workers observed a high
diastereoselectivity in the Sn(OTf),- or SnCl,-catalyzed
reactions of aldehydes with aryl- or alkyl-substituted
cyclopropanes, respectively. Therein 2,5-cis-configured
tetrahydrofurans 43a were obtained as the main prod-
ucts, which the authors ascribe to an unusual Sy2
mechanism (Table 4, entries 1 and 2).**! Enantiomeri-
cally pure products can be obtained by using enantio-
merically pure substrates as well as by employing
a dynamic kinetic asymmetric transformation
(DyKAT). In this process a (pybox**)Mg" catalyst was
used, which both mediates the inner transformation of
the racemic mixture of the cyclopropyl substrate and
also catalyzes the reaction of one of the enantiomers
with the aldehyde (Table 4, entry 3).¢ In reactions of
D-A cyclopropanes bearing two donors, products 43b
are obtained, in which the sterically more demanding
donor (DY) is in the cis position to the residue R" of the
former aldehyde (Table 4, entry 5).5")
Instead of aryl or alkyl residues, Waser and co-workers
used nitrogen as a donor for synthesizing amino-substituted
tetrahydrofurans in an iron(III)-catalyzed [342] addition of
aminocyclopropanes with aldehydes. The diastereoselectivity
of this reaction to form 2,5-cis products 43a was again very
pronounced when carried out using electron-poor aldehydes
(Table 4, entry 4).°¥ When SnCl, was used as the catalyst
even ketones could be inserted successfully and a stereoselec-
tive preparation of aminotetrahydrofuran derivatives 43 f
bearing quarternary stereocenters was possible (Table 4,
entry 9).

Yang et al. succeeded in synthesizing the 2,5-trans-con-
figured products by adding catalytic amounts of AICl;. The
choice of aldehyde, however, turned out to be a crucial factor
in determining the outcome of this reaction. Although the use
of electronically neutral or electron-poor aryl aldehydes also
resulted in the formation of 2,5-cis products 43¢, the less-
common trans products 43d were obtained when using
electron-rich aryl aldehydes (Table 4, entry 6).*! The forma-
tion of 2,5-trans-derivatives (with respect to the donor) 43e
was also observed in the Ca'-catalyzed cycloadditions
reported by Niggemann and co-workers, in which an alkyne
acts as the donor. This result was dependent on neither the
steric demand nor on the electronic influence of the residue R
in the geminal position to the donor (Table 4, entry 7).*!]
Similar results could be obtained when using a Ru" catalyst.
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Table 4: Cycloaddition of D-A cyclopropanes with aldehydes and ketones."!

R ﬁ o catalyst/LA R Ny
N + JL D/k

D. B. Werz et al.

a [342] cycloaddition when a cata-
lyst system consisting of Ph;P-AuCl
RS and AgOTf was chosen for this

L S
b . A R 42R ‘?3 RE conversion. The reaction of the
geminal carbonyl group with the
Entry D A Cat./LA Main product (43) Max. Yield, de, ee activated triple bond as the first
%. 989 step of this transformation led to
189 aryl 2xCO,R Sn(OTf), 102%:, gISAde, P : ed 1
A 99% ee the formation of the furan moiety in
21 alkyl 2xCO,R SnCl, 100%, 97 % de, 47. The subsequent [442] cycload-
61 , o7 S0 gt 96% ee" dition then furnished the tricyclic
* Y 2 : -
3 aryl, styryl 2xCO,R  (pybox**)Mgl, a 75?, 96 % de, product 46 in yields of up to 98%
4% ec (Scheme 11b).1
48 NPhth 2xCO,R  FeCl, Al,O, 99%, 89% de, — )
The multitude of total syntheses
A which utilize [342] cycloadditions
g alkyl, aryl, vinyl, 2xCOR $n(OTH), DS«,;(S\ 91%, 94% de, of cyclopropanes as a key step
ally o* t? R 86% ee'" indicates that these reactions are
highly reliable transformations with
o a wide range of applications. Nat-
Ph A Ph A ural products such as (+)-virga-
O, O, . . .
69 aryl 2xCOR AlCl, o gz; 9;]%’ de, tosine, ! (—)-allosecurinine,”!
“nL . o .
o ¢ R DG R oee (4)-isatisine A,* and (4)-polyan-
R" = electron-poor R" = electron-rich thelline A*” could be prepared suc-
cessfully by using such cycloaddi-
71 alkynyl 2xcoR CANTR)/ A 95%, 94% de, - tions.
Bu,NPF, A dift ity s ob
42 o 2 D,, o o ifferent reactivity 1s ob-
8t alkynyl 2xCO,R {Cp*RuCl-(n’* 88%, 33% de, — L
sMe)}, R S R served when tropone derivatives
BF, OFt, 48 instead of ketones are used in
these conversions. The strong zwit-
A terionic character of the tropone
RS
9% NPhth 2xCOR SnCl, AN 99%, 90% de, — system leads to a formal [8+3]

f

cycloaddition and to the formation
of bicyclic products 50. DFT studies

[a] Cp* =CsMes, NPhth = phthalimidoyl, NTf,= bistriflylamide. [b] Use of enantiomerically pure cyclo-

propanes.
cl
Me
A . é
o | o Cp\__~°\ Cp
T NTY a R RN
S/N N\? S
tBu “Bu Me
pybox* {Cp*RuCI-(n3-SMe)},

As only terminal alkynes could be used in this process, it
might be assumed that a Ru-allenylidene complex is formed
as the key intermediate. The proposed mechanism of this
reaction differs significantly from those reactions based on
Lewis acid catalysis described before. These assumptions are
also supported by DFT studies (Table 4, entry 8).1

Bicyclic systems 45, which are a widespread structural
motif in natural products, are accessible when [342] cyclo-
additions of this kind are performed in an intramolecular
fashion. This idea was implemented by Wang and co-workers
in reactions involving alkyl-,**! alkoxy-,*¥! as well as alkynyl-
substituted*! cyclopropanes as starting materials. Although
carbonyl substituents were the most commonly used accept-
ors in these transformations, a very specific catalyst system
was required in all cases (Scheme 11 a). The choice of catalyst
was particularly crucial for obtaining the desired products
when alkynyl-substituted cyclopropanes 44¢ were used as
substrates. A [44+2] cycloaddition was observed instead of
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support the assumption of a step-
wise mechanism, with the zwitter-
ionic compound 51 formed as the
main intermediate (Scheme 12).
This synthetic strategy was first
developed with a nitrogen-based
donor,”” but was later also success-
fully carried out with a variety of
different donors such as aryl, heter-
oaryl, and vinyl substituents.’"!

3.2. Cycloadditions with Imines, Oximes, and Hydrazones

Carbonyl compounds undergo [342] cycloadditions with
D-A cyclopropanes to yield tetrahydrofurans, while the
nitrogen-containing heteroanalogous carbonyl systems such
as imines and oximes allow for the synthesis of tetrahydro-
pyrroles. Mgl, was employed as a catalyst for these con-
versions in the pioneering studies performed by Carreira and
co-workers.” Later, Carson and Kerr showed that catalytic
amounts of Yb(OTf); also lead to a formal [3+42] cyclo-
addition (Table 5, entry 1).5¥ A dynamic kinetic process
(DyKAT) with a chiral magnesium catalyst even enables an
asymmetric synthesis from a racemic mixture of the cyclo-
propane (Table 5, entry 2).°¥ Furthermore, a simple change
in the reaction conditions led to the formation of bicyclic 2,5-
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? R! R? A_R?
<A Catalyst/LA R
s —_—
=0 [3+2]
R R
44 45
44 R R2 A Cat/LA Max. yield (45)
a%3 H alkyl CO,R CO,R Sc(OTf) 96%
b4 alkoxy H CO,R TESOTf 94%
cl H alkynyl COR  Ni(ClO4),+6H,0 97%
b) 3 O 2
jcj’\ PPhy-AuCH/ R C ) R
OW AgoTt R
\ .
g \Nps (CHyCl)p, 70°C
n=12 "
44c 46
up to 98%
R &0 T
[4+2]

Scheme 11. a) Synthesis of bicycles of type 45; b) intramolecular ring-
enlargement reactions starting from gem-carbonyl-alkynyl-cyclopro-
panes 44c.

PhthN
1 ? COR
R /A CO:R SnCl, R 2
*  PhthN CO,R COR
CH,Cly, 25 °C
0y
48 49 up 1o 71% 50
RO__O-..
PhthN Yo SnCle
o 0
R OR

51

Scheme 12. Formal [8+3] cycloaddition of D-A cyclopropanes with
tropone substrates 48.

cis products 53¢ instead of the usual 2,5-trans tetrahydropyr-
roles 53b. The order in which the reagents were added proved
to be crucial to the outcome of this
reaction. The cis product 53¢ was
obtained exclusively when the cat-

Angewandte
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imines. It is remarkable that the pyridine ring exhibits
a higher reactivity than the electron-withdrawing group
(EWG, for example, a nitrile group; Scheme 13, compare
Section 3.4). Although the methoxy group, which acts as the
donor in this compound, is already eliminated during the
cycloaddition with formation of one double bond, subsequent
addition of MnO, is necessary to afford full aromatization of
the product. Not only pyridine but also electron-poor quino-
lines could successfully be employed for the preparation of
benzoindolizines.””

Such a [342] cycloaddition was used as the key step in the
total synthesis of the alkaloid FR901483 to access the
oligocyclic structure.®

3.3. Cycloadditions with Enes, Allenes, and Dienes

Strongly polarized ene components are required to gain
synthetic access to the analogous carbocyclic five-membered-
ring systems by [3+42] cycloadditions. Silyl enol ethers or
enamines are usually suitable reactants for such transforma-
tions. The reaction of arylcyclopropanes with silyl enol ethers
catalyzed by Cu" yielded cyclopentanes 57a, which can,
however, also undergo ring-opening reactions in the presence
of the catalyst. To prevent this unwanted side reaction,
supplementary addition of a bisoxazoline/Zn" complex was
necessary (Table 6, entry 1).°”) A similar ring opening was
also observed in the reaction of aminocyclopropanes with silyl
enol ethers, in which the use of SnCl, as a catalyst gave the
best yields of the desired aminocyclopentanes 57b (Table 6,
entry 2).%0 A high steric demand of the acceptor substituent
as well as of the silyl groups turned out to be the determining
factors for further improving the diastereoselectivities of
these transformations. In combination with DFT studies,
these observations led Qu et al. to the assumption that this
formal [342] cycloaddition is indeed a stepwise reaction, in
which the intramolecular cyclization is the second and rate-
determining step.®" Further investigations of this reaction by
using chiral bisoxazoline ligands also facilitated asymmetric
conversions with an enantiomeric excess of up to 99 % ee
(Table 6, entries 3 and 4).1

Table 5: Cycloadditions of D-A cyclopropanes with imines and oximes.

A

alyst was .added to the D-A cyclo- Rz\lN CatalysULA /FS\
propane first and the reaction part- D/A\ + HJ\R1 —> DTy R
ner second. Adding the reaction R?
partner first and the catalyst second ! 52 53
resulted in the trans products 53b  Entry D A Cat./LA Main product (53) Max. yield, de, ee
(Table 5, entry 3)'[,55] Intramolecu-  Ji ) 2xCO,R Yb(OTH), A 96%, 98% de, —
lar insertion of an in situ generated 54 anyl, styryl 2xCOR  (pybox**)Mgl, ’é—S‘ 869, 98% de, 96% ce
hydrazone to afford bicyclopyrazo- DN R!
lidines was achieved by Yb(OTf), R? a
catalysis.> A A
The reactivity of electron-poor D'FS"”R1 ’é_S‘FU
pyridine derivatives with D-A 3% alkyl 2xCOR Yb(OTf); &/g 999%, 100% de, 99 % ee!”
b

cyclopropanes to give indolizines
56 proved to be similar to the

D™ N
(Lo
Cc

reactivity of the commonly used
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[a] Use of enantiomerically pure cyclopropanes.
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RZ  CO,Et formation of indane derivatives 60 was facilitated by

R? . ;; TMSoTE 7 adding BF,-OEt, as the Lewis acid (Scheme 14).[°]
Meo\A\ + /@ T2 . RN \ Recently, Wang and co-workers even succeeded in
R COoEt EWG gAiNz?szw ~-"EWG employing allenes as a 2n component in an intramolec-
54 55 up to 61% 56 ular [3+42] cycloaddition. This gave rise to the question

Scheme 13. Cycloaddition of electron-poor pyridine derivatives 55 with D-A

cyclopropanes.

Table 6: Cycloadditions of D-A cyclopropanes with enes.

which of the two double bonds of the allene would react
first and whether such a regioselectivity might be
controlled by choosing suitable reaction conditions. One
possibility would lead to the forma-
tion of bicyclo[3.2.1]octane struc-

/A\ . JL CatalystiLA /O:RW tgres and the other would afford
D A R'R? D g2 bicyclo[4.3.0]nonane structures.
1 56 57 Both scaffolds are widespread
Entry D A R' Cat./LA l\;;in product Max. yield, de, ee fltcr;f:tziallOrl?golflisll;;licn::g;?rlatlzzrs()SZ
S gave the products of a parallel
189 apyl 2xCO,R OSiR, ;:EEE:{’Z; ’O\A 99%, 92% de, 77% ee ~ Cycloaddition in good or even excel-
260 NR, 2xCOR OSiR, SnCl, PTNAR 999%, 90% de, lent yield in the presence of Sc-
alkoxy a 94% cel g{?}"{(f))% fe)ls lthg tcattaliystf, the :SC oi
3% anyl 2xCOR OSiR, E::fzrz AesbFe /iR1 959, 98% de, - the cros3se§ p?oduect oélsn ai;:?e;d
4 aryl 2xCO,R OSiR; Cu(ClOy), b N 94%, 98% de, 99% ee  (Scheme 15). Cation 63 is expected
box’* to be formed as an intermediate
during the course of the reaction.
) Two distinct modes of cyclization
5063 :,:yl’ Ivmyl’ 2xCO,R NR, Eu(fimz 97%, 96% de, 96% ee  can be considered: Pathway a leads
Y X to the formation of 64, whereas
pathway b yields the crossed prod-

uct 65.°¢!
[Pd,dba;] To date, formal [4+3] cycload-
654 vinyl 2xCO,R NR CHCl," 87%, 90% de, 98% ee  ditons of D-A cyclopropanes bear-
Trost ligand ing diene moieties have remained

d

limited to using 1,3-diphenylisoben-

[a] Use of enantiomerically pure cyclopropanes. [b] dba =trans,trans-dibenzylideneacetone.

%—NH HN—%
PPh, PhoP

OMe tBu tBu

0] (o]
N N N
box3* box**

Tricyclic products 57¢ are accessible by using indoles as
reaction partners. As a consequence of its very high diastereo-
and enantioselectivity, the aforementioned reaction catalyzed
by a Cu'-bisoxazoline complex has been put to excellent use
in the syntheses of some natural products (Table 6, entry 5).1%]
Furthermore, racemic mixtures of vinylcyclopropanes can be
converted into spiro-annelated cyclopentanes 57d through an
asymmetric formal [34-2] cycloaddition by using the Pd"-(S,S)-
DACH-Trost complex with prochiral Michael compounds
(Table 6, entry 6).14

The SnCl,-catalyzed reaction of aryl-substituted cyclo-
propanes with alkenes led in many cases to a [342] annela-
tion, during which the aryl residue was included to give
indanes 60, instead of the expected [3+2] cycloaddition.
Products of type 61 were obtained only when less-nucleo-
philic aryl groups were used as donors or the reaction
temperature was lowered to about —30°C. In some cases the
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zofurans and anthracenes as reac-
tion partners. Not only does the
diene have to be very reactive in
Diels—Alder type reactions, but it
also has to be sterically hindered in
a way that makes it unreactive in
possible [34+2] cycloadditions. The
predominant formation of the
respective exo isomer makes it
seem plausible that the observed stereochemistry is the
consequence of a concerted reaction proceeding under orbital
control (Table 7).

Reactions of heteroaryl-substituted cyclopropanes 68 with
cyclopentadiene (69) did not give any products of [4+3]
cycloadditions, but instead afforded products 70 or 71
resulting from [4+3] annelations. As already observed in
reactions with alkenes, these transformations showed that
aryl-substituted cyclopropanes act as amphiphilic synthons,
with their nucleophilic position not only located in the
cyclopropane, but also in the aryl residue (Scheme 16).1%®!

3.4. Cycloadditions with Nitriles and Heterocumulenes

While systems bearing double bonds undergo [3+2]
cycloadditions to afford saturated five-membered-ring sys-
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snCl,
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R=EDG ﬂ» |

CH,Cly, 25 °C A
CO,Me RY__R®
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CO,Me
S | 2 R OR?

R R! R?
60
R 58 59

Me0,C

=

SnCl, . | riR2
R=H,Me _ . > /°
CH,Clp, 30°C R 61

Scheme 14. Reaction of aryl cyclopropanes with alkenes.

CO,Me
CCAACOZMe
R1
—==

62
(CH,CY), l

R2

Sc(OTf); or

reflux Yb(OTf);

COMe 4
CO,Me %

r2 R

64
up to 98%

65
up to 95%

Scheme 15. Intramolecular [342] cycloaddition with allenes.

Table 7: Cycloadditions of D-A cyclopropanes with dienes.

R \/ Catalyst/LA

AA+ AN

1 66

D

= R
R3

CO,Me

up to 95%

CO,Me

R4
R3

up to 76%

COM
4 2Me
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tems, the use of systems with a triple bond makes
structures including one unsaturated bond accessible.
This approach allows alkoxy-substituted cyclopro-
panes to be transformed with nitriles to eliminate
alcohols and directly yield pyrrole derivatives 74a,
whereas 1-pyrrolines, which are formed when using
aryl donors, do not undergo spontaneous aromatiza-
tion (Table 8, entries1 and 2)."! In contrast, the
reaction of D-A cyclopropanes with isothiocyanates
did not yield any pyrrolidine derivatives, but exclu-
sively led to the formation of thiolactames 76a
(Table 8, entries 3 and 4). NMR spectroscopy was
rather unreliable for identifying products, but the
products were verified by Stoltz and co-workers by
IR and crystal-structure data.”! Previously, the for-
mation of pyrrolidine-2-thiones had been assumed.[™
Nevertheless, formal [3+2] cycloadditions can lead to
the synthesis of nitrogen-containing heterocyclic
structures, as demonstrated by employing carbodii-
mides and isocyanates as reactants (Table 8, entries 5
and 6)."

3.5. Cycloadditions with Nitrones and Nitronates

CO,Me
CO,Me

Most of the cycloaddition reactions discussed so
far utilized a 1,2-dipole to form a five-membered ring,
that is, they are formal [342] cycloadditions. When
1,3-dipoles are employed instead, reactions with D-A
cyclopropanes lead to formal [3+3]
cycloadditions, which result in the
formation of six-membered-ring
systems. Nitrones and nitronates
were used in such reactions, which
allowed for the preparation of tet-
rahydro-1,2-oxazines 78. The use of

Entry D A Cat./LA

Main product (67)

Max. yield, de, ee  the Lewis acid Yb(OTf); mainly led

1 aryl 2xCO,R Yb(OTf),

207 aryl 2xCO,R TiCl, or SnCl,

to the formation of products in
which the substituents in the 3-
and 6-positions are in a cis arrange-
ment (Table 9, entry 1).” The use
of Mgl, results in the formation of
significant amounts of the corre-
sponding trans products, although
the 3,6-cis compound still remains

92%, 72% de, —

85%, —, —

Yb(OTf);
CO,R or

/A< Sn(OTf),
: f‘? COR * @ —_—
=X CH,Cl,
25°C
68 69

o~ COR CO,R

o COR _COR

up to 81%
up to 90% de

70 71

Scheme 16. [4+3] Annelation by reaction of cyclopentadiene with aryl-
substituted cyclopropanes.
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the major product in all the trans-

formations. Ganton and Kerr attrib-
uted the difference in product formation to a higher kinetic
stability of the magnesium malonate compared to the Yb
adduct, which increases the probability for the transformation
of an open-chain intermediate into a trans arrangement of the
two substituents (Table 9, entry 2)."*l The nitrone can also be
generated in situ from a carbonyl compound and a hydroxyl-
amine in a one-pot synthesis.””)

The first enantioselective method for preparing tetrahy-
dro-1,2-oxazines by employing chiral Ni" catalysts was
reported by Sibi etal. (Table9, entry3)."® Only a few
months later Tang and co-workers succeeded in significantly
increasing the observed diastereoselectivity by switching from
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Table 8: Cycloadditions of D-A cyclopropanes with nitriles 72 and heterocumulenes 75.

m Catalyst/LA j\ k
+ —> 1
A R D/k R! _ R

R\E
D
1 72 74
YA 5 CatalystLa R /—(
+ Q atalys J
D A v > D/QX,YQZ
1 75 76
Entry D A Cat./LA Main product Max. Yield, de, ee
RZ A
A
100 alkoxy COR TMSOTF R1J/ N\i Re 98%, -, -
H  74a
RZ A
A
20 anyl 2xCO,R sncl, Rg( i . 909, 100% de, —
D" N
73a
372 aryl, vinyl 2xCO,R FeCl, /'\A 67%, —, —
40 aryl, vinyl 2xCO,R Sn(OTf), / g 99%, —, 95% eel”
D™ g =NR
76a
A
LK
5171 aryl 2xCO,R Sn(OTf), D™ SR 99%, —, 98% eel”
R 76b
A
A
6" aryl 2xCO,R FeCl, D/[Nio 78%, —, —
R 76c
[a] Use of enantiomerically pure cyclopropanes.
Table 9: Cycloadditions of D-A cyclopropanes with nitrones.
o A
R . RY ﬁ'o Catalyst/LA R\J\( R?
D A L /L N._,
R D7 0" R
1 77
Entry D A Cat./LA Main product Max. Yield, de, ee
17 H, aryl, vinyl 2xCO,R Yb(OTf), , 96%, —, —
24 H, alkyl, aryl, vinyl 2xCO,R Mgl, )\/R 99%, 88% de, —
308 alkyl, aryl 2xCO,R  (dbfox*)/Ni(ClO,), ,L 99%, 88% de, 95% ee
471 Ph, vinyl, styryl 2xCO,R  (box™ ”)/Nl(C|O4)2 99%, 86% de, 97% ee
578 aryl, vinyl CO,R, NO, urea* 99%, 33% de, 91% ee

[a] Use of enantiomerically enriched cyclopropanes.

9& 1 4,

H
Ph ﬁ /\

dbfox* box®* urea*

D. B. Werz et al.

Furo[3,4-d]-[1,2]oxazepines 82
were prepared by Zhang et al. in
a formal [4+3] cycloaddition cata-
lyzed by Au' using 1-(1-alkynyl)cy-
clopropylketones 80 and nitrones 79
as the starting materials. It can be
assumed that the Au' catalyst pref-
erentially coordinates to the alkyne
and not to the carbonyl acceptor
(also compare Scheme 11b). Such
coordination leads to the initial
formation of the furan unit by
nucleophilic attack of the carbonyl
group on the vinyl-Au moiety. Sub-
sequent reaction with the nitrone
and elimination of the catalyst gen-
erate a seven-membered heterocy-
clic system. If Sc(OTf); is used
instead as a hard Lewis acid, which
preferentially coordinates to the
carbonyl group, the familiar reac-
tivity of the alkyne-substituted D-A
cyclopropane can be observed to
give tetrahydro-1,2-oxazines 81
(Scheme 17).1]

Cyclic nitronates 83 can be used
in formal [343] cycloadditions to
prepare bicyclic nitroso acetales 85
by using Yb(OTf); as a catalyst
(Scheme 18).%%  Tetrahydro-1,2-
oxazines prepared from D-A cyclo-
propanes and nitrones have played
an important role in the synthesis of
highly substituted pyrroles®! as
well as in the total synthesis of the
complex natural product (4)-naka-
domarin A

3.6. Cycloadditions with Azomethine
Imines

Aromatic azomethine imines
are another class of substrates
which undergo formal [3+3] cyclo-
additions with D-A cyclopropanes
to afford tetrahydropyrazines. Thus
far, N-iminoquinoline ylides 86
have been the only substrates em-
ployed in this reaction. The result-

bisoxazoline-Ni"" catalysts to trisoxazoline-Ni"
(Table 9, entry 4).""

The most recent results concerning the synthesis of
oxazinanes 78 bearing an additional stereocenter in the 4-
position were obtained by the simultaneous use of two
different acceptor groups. Mattson and co-workers replaced
one of the ester groups by a nitro group and carried out the
desired reaction in the presence of a urea catalyst (Table 9,
entry 5).7%

catalysts
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ing dihydroquinoline derivatives 87 could be obtained with
high enantioselectivity by using a chiral trisoxazoline ligand
(Table 10).15

3.7. Formal [3+3] Annelations

Towards the end of this section on cycloadditions we
would like to focus on a class of reactions which lead to the
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Sc(OTf)
(CH,Cl),, 30 °C

R R up to 97%
D N “;R/z | 81 pto8s%de
_N. r

@O ® Ph )
79 80

Ph3PAUOTf
L
CH,Cly, 25 °C

up to 99%
82 pto90% de

Scheme 17. Preparation of nitrones using gem-carbonyl-alkynyl-substi-
tuted cyclopropanes 80.

R o R*
X 0.@ g
R3* O.N-© ~COMe Yb(OTf)s R3]
I *Ar COMe —————— >
R27N CH,Cl, 25°C  R?
R1
83 84 85 upto92%

and 100% de

Scheme 18. Synthesis of bicyclic nitroso acetals 85 according to loffe
and co-workers.

formation of six-membered-ring systems by [34+3] annelation,
but always proceed in two steps and in some cases even
require the addition of further reagents after the first step.
Sapeta and Kerr excelled in this field by preparing substituted
cyclohexanes as well as the corresponding piperidines and
tetrahydropyrans. One cyclopropane with two ester groups as
acceptor and one aryl group as donor was used in each of

Table 10: Cycloadditions of D-A cyclopropanes with N-iminochinoline ylides 86.

Angewandte
imemationalediion . CEIMIE

ACOZMe
HO
) R COMe
MesSi \)85/@ a8 —

95

-
TiCls BnNH Zn(NTf), mg{,{:
o — ° 2

CH,Cly, -78 °C AR CeHe, 80 °C toluene, 111 °C

92

MeO,C CO,Me MeO,C CO,Me

I Nds

MeO,C CO,Me

id

R R N R' R 0" R
Bn
90 93 96

NaH, DMF i 0°C l l

MeO,C CO,Me MeO,C CO,Me MeO,C CO,Me

R R N R (0]
Bn
91 94 97
40-92% 59-99% 27-97%

(over 2 steps)

Scheme 19. [3+3] Annelation to yield cyclohexanes, piperidines, and tetrahy-

dropyrans according to Sapeta and Kerr.

these conversions. 89 was employed as a synthetic equivalent
for trimethylenemethane to obtain cyclohexane derivatives.
Ring opening of cyclopropane 88 in the presence of TiCl,
leads to the formation of the open-chain compound 90, which
affords the six-membered ring 91 in the presence of NaH
(Scheme 19).*¥ Similar transformations could be performed
when propargylic amines 92 were used as the substrates in the
presence of Zn" salts as catalysts. As a main difference, the
intermediate 93 which is formed after ring opening is not
isolated but immediately undergoes a Conia-ene reaction to
yield piperidine 94.° The analo-
gous reaction of propargylic alco-
hols 95, which give the respective
tetrahydropyran 97 via intermedi-

A
/A\ . m Catalyst/LA N A ate 96, could also be carried out
D A NG ROCN successfully.®
ONCOR
1 86 g7 D
Entry D) A Cat./LA Main product (87) Max. Yield, de, ee 4. Rearrangements
X
Ring enlargements of D-A
peesal aryl, vinyl 2xCO,R Ni(ClOy), 84%, 74% de, — cyclopropanes to form a hetero-
cyclopentene are formally hetero-
analogous reactions of the vinyl-
cyclopropane—cyclopentene  rear-
2l83b] aryl, vinyl 2xCO,R D;)((Si%a)z 99%, 90% de, 98% e  Tangement discussed in Section 1.
Long before the pure CH sys-
tem was investigated (Neureiter
[a] 1959),%7! the first rearrangements
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of  cyclopropylimines  (Cloke
1929)# and cyclopropylcarbalde-
hydes (Wilson 1947)®) had been
described. However, these reactions
did not find a broad range of
applications. One reason for this
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fact may be found in the high temperatures (200°C up to
500°C) needed for these conversions to overcome the high
activation barriers arising from the lack of donor substituents
in the substrates. Using D-A cyclopropanes made it possible
to perform a multitude of rearrangement reactions under very
mild conditions. The first fundamental investigations in this
field were carried out by Wenkert and Reissig in the 1980s.
More recent studies often utilize Lewis or Brgnsted acids,
which coordinate to the acceptor group and lead to further
activation of the substrate. This causes an intramolecular
attack of the acceptor on the donor-substituted carbon atom
of the cyclopropane. In many cases, the influence of a very
strong acceptor is sufficient to initiate ring-enlargement
reactions without any catalyst. Theoretical investigations
revealed that nitrogen, chalcogen, and aryl substituents are
the most suitable donors, whereas nitroso, carbonyl, and
imino groups should be used as the acceptors to effectively
lower the activation barrier for the desired rearrangements.””!
The latter two have found broad application, whereas not
a single system with a nitroso group has been prepared to
date. The activation barrier determined by DFT studies for
the ring enlargement of 72 D-A cyclopropanes 98 is shown in
Scheme 20. These investigations have also shown that these

Me
250 2 D7 A
225 3 1
200 *ft
175 3 Me
150 oA
125 D A
100 98 A
75
50 AH*
25
Me,
L
DA
99

Scheme 20. Theoretically calculated activation barriers (without solvent
effects) for the rearrangement reaction of different D-A cyclopropanes
to heterocyclopentenes (calculations are based on B3LYP/6-311G(d)).

transformations occur in a concerted process when no catalyst
is present. The corresponding zwitterionic or biradicaloid
intermediates were shown to have higher activation barriers
in all cases. For some selected systems the effect of different
solvents was also included in the calculations using the PCM
model. The model system Me,N/CHO showed that the
activation barrier decreases by 16-41 kJmol ™' as the polarity
of the respective solvent increases (toluene, CH,Cl,, DMSO).

4.1. Ring Enlargements of Discrete Cyclopropanes
Uncatalyzed vinylcyclopropane—cyclopentene rearrange-
ments require high reaction temperatures. A Ni-NHC

catalyst lowers the activation barrier for the desired rear-

www.angewandte.org
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rangement, so that the formation of cyclopentenes 100a
become observable at room temperature in most cases
(Table 11, entry 1).°Y1 Even though this example does not
resemble a proper D-A cyclopropane it was included here as
a native CH system for the sake of completeness. Besides
choosing suitable catalysts, installing a donor substituent and
employing two geminal acceptors is sufficient to lower the
activation barrier of rearrangements. For example, gem-nitro-
imino-substituted cyclopropanes yield dihydropyrrole deriv-
atives 100b, which result from rearrangement of the imino
substituent (Table 11, entry 2).%

Derivatives of dihydrofuran and furan are obtained in
excellent yields when carbonyl groups are used as acceptors in
these transformations. The effect of various donors such as
vinyl, aryl, amino, and alkoxy groups has also been inves-
tigated (Table 11, entries 3-8).””) The reaction conditions
chosen for these conversions often caused spontaneous
aromatization of the products. After rearrangement of an
in situ generated imino acceptor, elimination of the alkoxy
donor occured, which could be found attached to the side
chain of pyrrole derivative 100h after completion of the
reaction (Table 11, entry 8).’¥

When donor-substituted cyclopropanes bearing geminal
nitro and ester groups are used, a rearrangement which
incorporates the nitro group into the formed heterocyclic
structure 100i occurs instantaneously. The various donor
substituents influence the obtained yields (best yields were
obtained using OR and NR,, lowest values were obtained
using SR), but do not lead to the formation of a ketene acetal
structure by incorporation of the ester group (Table 11,
entry 9).! Theoretical calculations proved that both thermo-
dynamics as well as kinetics are in favor of the cyclic nitronate
formed in this conversion. Li, Shao, and co-workers demon-
strated that arrangements which are often considered to be
concerted reactions occur as a stepwise process when
performed in the presence of BiCl;, which makes additional
incorporation of a nucleophilic reagent possible (Table 11,
entry 10).”) Werz and co-workers had also reported that the
course of the reaction can be significantly influenced by
utilizing Lewis acids. The addition of Yb(OTf); during the
synthesis of [5.n]spiroketals 100k mostly resulted in higher
yields, but also led to considerable decreases in the observed
diastereoselectivity. This result can easily be rationalized if
one considers the Lewis acid to cause a change in the
mechanism of the conversion, so that it no longer proceeds
through a concerted mechanism but in a stepwise manner
(Scheme 21).! The open-chain intermediate 104 may now
attack the oxonium ion either from the top or from the
bottom. This possibility does not exist in a concerted mech-
anism.

4.2. Rearrangements of Two Adjacent Cyclopropanes

The use of furan derivative 105, which bears cyclopropane
groups on both sides, allows the complexity of the products
formed to be significantly increased through simultaneous
rearrangement of the two adjacent cyclopropane rings.
Tricyclic bisacetals 106 could be prepared at room temper-
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Table 11: Rearrangement reactions of D-A cyclopropanes to yield (hetero)cyclopentenes.

Angewandte

itermationalediion. CHEIMIIE

corresponding furans. Very few

R/\A\ _ Ry A" CatalystLA R/\k—\\ . ex.amples of 51[11%3 3,3’-lipked bis-
D A D A - > DN A thiophenes 109 and bispyrroles
1 A 100 1111 exist in the literature, even
Entry D A Cat./LA Main product (100) Max. yield thOl.lgh their very rea?tlve 'freg 2
position makes them highly intrigu-
R’ ing synthetic building blocks
1% H ?LLJ\ [Ni(cod),], IPr a @w %% (S%hemye 22). The congcept de-
NO, scribed above was also applicable
o ! m . when N-Boc-pyrrole was used as
2 aryl 2NO2 ‘ag 2 ArTNNTTR! 9% the starting material, which yielded
b R bis-N,O-acetals. The use of thio-
R Ni(cod) ] \/L_gi phene as the starting material, how-
30934l vinyl »%KO bipy® orzl;Phg N o R 99% ever, represents a greater challenge,
c as it is far less reactive towards
OH . RL rearrangements and up to now only
4034 gy 2N :;/IIS’N Hel Ar/\z\&o 91% one side could be cyclopropanated
’ d successfully.”””!
sl N(Ac)R OEt 1) TFAR RHN EQ}O 509M
N(Boc)R RS0 2) NaOH .
Roo 4.3- Ring Enlargement through
631 NR Z R2N/EZ§\R1 6% Catalytic Homo-Nazarov
Z o . f 0 Cyclizations
; Br
R L R . Homo-Nazarov cyclizations
7 aryl 5‘&&0 AlO; (acidic) Ar/KO\ R 90%* have been known since }t,he 1980s,
QOR when Murphy reported the use of
R R I\, a fourfold excess of SnCl, as a Lewis
814 alkoxy “—LLLJ“NRZ InBr; B N2 R 95% acid to effect reactions of this
w K type.'” However, it took until
COOR 2009 before Waser reported a cata-
S OR, SR, OR NG lytic version under mild conditions.
o NR,, aryl 02 %&0 - D/j_\O"\Loe 96% "Iy'herein cyclopropylketone 112 was
R ' treated with catalytic amounts of p-
105 alkoxy i Bicl Q_}J\H 919% TSOH to 1n1t1.ate aring enlargement
o ’ 070 TR ? that yielded six-membered-ring sys-
R ! tems 113 (Scheme 23).11%%!

H L\ Homo-Nazarov cyclizations
117 alkoxy "»H{go - OJ 87% have also been utilized in the syn-

thesis of various natural products.

[a] Bipy=2,2"-bipyridine, IPr=1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene, TFA =trifluoroacetic
acid. [b] Deprotection of the amine donor using TFA leads to a ring-opened product. Subsequent
conversion with NaOH results in lactone 100e, yield over 2 steps. [c] Application of dibromo-substituted
D-A cyclopropanes results in furan derivative 100g after elimination of HBr.

ature without any catalyst when aldehyde acceptors (which
can be generated in situ from the corresponding alcohols)
were employed in these transformations.” Similar substrates
bearing ketone substituents showed a higher activation
barrier, and only afforded the corresponding products 107
at higher temperatures (100°C) and in the presence of
catalytic amounts of acids.”” If similar rearrangements of
thioketone- or imino-substituted cyclopropanes are per-
formed, spontaneous elimination of water from the inter-
mediate bis-S,0- or bis-N,O-acetals 108 and 110 occurs. This
difference in behavior can be attributed to a higher stabiliza-
tion of the formed pyrroles and thiophenes compared to the
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Waser and co-workers developed
a formal total synthesis of the
alkaloid aspidospermidine, during
which intermediate 117 is subjected
to a Cu(OTf),-catalyzed homo-Naz-
arov cyclization. The use of differ-
ent conditions allows for the prep-
aration of aminal 119. This conversion did not lead to the
anticipated formation of a five-membered ring by attack of
the carbonyl oxygen atom on the three-membered ring of
intermediate 117 (see Section 4.1), instead the attack of the
indole nitrogen atom leads to the formation of a six-mem-
bered ring (Scheme 24). The resulting aminal 119 can be
converted in three more steps into the natural product (£)-
goniomitine (120).'*! Conceptionally similar reactions were
employed by France and co-workers for preparing pyridoin-
doles and related compounds."”
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Yb(OTf);

|
“E4

100k 100k

Scheme 21.

'

1001

Influence of a Lewis acid on the different reaction mecha-

nisms for the rearrangement of 102. IBX = 2-iodoxybenzoic acid.

up to 76%

RWH HR1 Lawesson' s R3NH,
R/ IANLR?| reagent TsOH ‘
S —S CgHg, 80 °C CgHg, 80 °C

H O H

108

¢ -H,0 S 8. ,-CeHaOMe

) MeOCgH4~ \s’\\s

R

R2 _ /s Lawesson' s reagent
S/ —
R2
R

109

up to 56%

H
NN, -R?

HOO
107
up to 94%

R! R’

H H
Rz SAR?
N N

¥ H O H'gs
110

¢ -H,0

1
R2 R R3
= J N
N/ >
R® R R?
111
up to 92%

Scheme 22. Rearrangement of tricyclic furan-based D-A cyclopropanes 105 used
for the formation of oligoacetals 106 and 107 as well as 3,3"-linked heterocyclic

frameworks 109 and 111.

(0]
X R
| TsOH (20 mol%)
MeCN, 23 °C
Ar
112 50-100%
R =Me, H

X =0, NR', CHSiMe;

Ar
113

Ar = electron-rich aryl

Scheme 23. Catalytic homo-Nazarov cyclization according to Waser

and co-workers.
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HOOC
N
o (5
H Hod R
iN) 7 steps O% 116
e :
MeO-N tBuLi, TMEDA
0 e Et THF, -78 - 0°C

114 40% 115 36-67%

__ TOH N—
N—
CHZCIZ 25°C Cbz HN
93%
= (CHy),OTIPS) OTIPS
119

91% Cu(OTf), MeCN 77% | 3 steps
(R=H) |[25°C

Et

H
N
Y

118 (*)-goniomitine (120)

Scheme 24. Synthesis of an aspidospermidine precursor and total
synthesis of (+)-goniomitine (120) by Waser and co-workers.

Cbz =benzyloxycarbonyl, TMEDA = N,N,N’,N'-tetramethylethylenedi-
amine.

5. Conclusion and Outlook

The last few years have brought great advances in the
chemistry of donor-acceptor-substituted cyclopropanes. On
the one hand, new donor-acceptor combinations were inves-
tigated by experimental and theoretical means and thus
provided access to essential structural motifs. On the other
hand, catalytic enantioselective variations were most notably
examined in the field of ring-opening and cycloaddition
reactions. D-A cyclopropanes have often even been used in
total syntheses of biologically active natural products to
generate the respective five-membered heterocycles with
a clearly defined stereoselectivity. Complex bicyclic systems
can be established easily and highly effectively by intra-
molecular versions of cycloaddition reactions. In contrast,
rearrangement reactions of D-A cyclopropanes lead to
partially unsaturated five-membered heterocycles—thus,
appropriate substrates offer metal-free access to connected
heterocyclic frameworks.

Important challenges remain for the future. In addition to
many hitherto unknown donor-acceptor combinations, which
open up a wide field, enantioselective modifications have not
been established for a large number of already studied
transformations. Deeper mechanistic insights should provide
clarity on how regio-, stereo-, and enantioselectivities arise
and thus form the basis to extend so far very specific solutions
to other donors and acceptors. Especially in the field of
cycloadditions and ring enlargements, the focus has been put
on the generation of five-membered rings. Although there are
a few examples of higher cycloadditions, they have hardly
been explored thus far. To date, rearragement reactions of
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D-A cyclopropanes have always been implemented to extend
a three- to a five-membered ring. Expanded acceptor-systems
should eventually provide access to six- and seven-membered
rings with unusual substitution patterns. Not least, the
question arises to what extent this chemistry based on
cyclopropanes could be translated to donor-acceptor cyclo-
butanes, which have only slightly lower strain energies than
their three-membered ring analogues.'” Initial studies have
shown encouraging results and demonstrate that at least some
reactions could be accomplished in a similar way.!"”

It is astonishing, and at the same time also encouraging for
synthetic chemistry in general, that 30 years after the first
fundamental investigations by Wenkert and Reissig, a rela-
tively old area of research, which had in principle been well
understood, is experiencing such a revitalization. As we have
learned from history, making a discovery alone is often not
sufficient. It needs a broad range of further investigations to
sustainably establish an area, to make it applicable and draw
conclusions for the future. Donor-acceptor-substituted cyclo-
propanes have now arrived at this stage.
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dedicated themselves to this highly interesting— destructive—
art of cyclopropane chemistry, and thus have laid the
foundations of this Review. At the same time we wish to
apologize if we did not include some examples or should even
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supported by the German Research Foundation (Emmy
Noether and Heisenberg Fellowships to D.B.W.), the
German-Israeli Foundation (G.LF. Young Scientists’ Pro-
gram), and the Fonds der Chemischen Industrie (Dozen-
tenstipendium to D.B.W.); we are thus obliged in all respects to
these funding institutions. For her help with the translation, we
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