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ULlity	
  of	
  cyclopropyl	
  group	
  

•  If	
  it	
  is	
  stable:	
  
–  Lipophilic	
  group	
  with	
  orientaLon	
  and	
  posiLon	
  that	
  differ	
  
from	
  related	
  open-­‐chain	
  moiety;	
  

–  Rigid	
  structure,	
  unique	
  structural	
  and	
  electronical	
  
properLes	
  (sp2	
  likeness,	
  “banana-­‐shaped”	
  bond).	
  

•  If	
  more	
  labile,	
  Energy	
  source	
  (~27	
  kcal·∙mol-­‐1	
  cyclic	
  
strain):	
  
–  High-­‐Energy	
  intermediate	
  in	
  metabolism;	
  
–  Storage	
  molecule	
  to	
  release	
  energy-­‐rich	
  compounds;	
  
–  To	
  provide	
  driving	
  force	
  and	
  ensure	
  irreversibility	
  in	
  
inhibiLon	
  mechanism.	
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Biosyntheses	
  of	
  cyclopropyl	
  group	
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Other	
  syntheses	
  (I)	
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Other	
  syntheses	
  (II)	
  

•  Fe-­‐mediated	
  formaLon	
  of	
  cyclopropane	
  

•  LiTMP-­‐triggered	
  carbenoid	
  inserLon	
  

	
  

•  OrganocatalyLc	
  asymmetric	
  cyclopropanaLon	
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peptidic cyclopropane-containing natural products also stimulated
the development of cyclopropane-based peptidomimetics5 and
drug candidates.6 (+)-Curacin A (4) and (+)-ptaquiloside (5)
exhibiting antimitotic and anticancer properties, respectively, have
featured in a number of studies in view of their promising
therapeutic potentials.7 Last but not least, the cholesteryl ester
transfer protein (CETP) inhibitor U-106305 (6) and the antifungal
agent FR-900848 (7) in the study of infectious and metabolic
diseases, respectively, cannot be understated.8

Chemically, Nature’s ability to create the strained cyclopropyl
moiety found in a diverse array of chemical constituents is indeed
intriguing. In this context, cationic rearrangement, photochemical,
metal-catalyzed, radical, and redox reactions have all been
suggested as plausible transformations in the biosynthesis of
cyclopropanes, and readers are encouraged to consult the
relevant literature for further information.9 In parallel, the
methodologies developed for the synthesis of cyclopropanes,

the preparation of cyclopropane-containing natural products,10 and
the utility of cyclopropyl building blocks11,12 have also been the
subjects of past reviews. Complementary to those earlier reports,
the purpose of this tutorialreview is to highlight the most recent
synthetic methodologies and tactics for cyclopropanations, and
their successful applications in the total synthesis of natural
products. In doing so, our intent is to turn the spotlight on novel
reactivities and creative synthetic designs, and inspire the commu-
nity to seek further technological advances through these unusual
cyclopropane syntheses and the valuable lessons taught within.

2. Cyclopropanation methodologies

2.1. Donaldson’s synthesis of the trisubstituted cyclopropane
substructure of (+)-ambruticin S

Ambruticin S (15) is a trisubstituted-cyclopropane containing
polyketide natural product isolated from Polyangium cellulosum
and found to exhibit antifungal properties. In 2005, Lukesh and
Donaldson disclosed their efforts towards the total synthesis of
(+)-ambruticin S (15) that showcased a novel construction of
trisubstituted cyclopropanes (Scheme 1).13 This methodology,
first reported by the Donaldson group in 2003, rests its founda-
tion on the addition of a carbon nucleophile to the cationic iron
complex 8 to produce a neutral organo-iron species 10.14

Mechanistically, an initial single electron transfer from the
organometallic reagent (e.g.MeLi) to the cationic iron-complex
8, followed by a homolytic carbon–carbon bond formation
at the C-2 position, was proposed for this transformation.
Subsequent oxidation of 12 with ceric ammonium nitrate (CAN)
readily promoted a reductive elimination process to liberate
cyclopropane 13 in 56% yield. Subsequent cross-metathesis reac-
tion followed by the introduction of the sulfone functionality led
to an advanced building block 14, which could serve as a viable
precursor for the synthesis of (+)-ambruticin S (15).

2.2. Hanessian’s total synthesis of (+)-ambruticin S

In 2010, Hanessian and co-workers reported a total synthesis of
(+)-ambruticin S (15)15 which demonstrated several innovative
synthetic methodologies developed within their group (Scheme 2).16

In particular, the trisubstituted cyclopropane subunit of
(+)-ambruticin S (15) was synthesized through a stereoselective
annulation between trans-chloroallyl phosphonamide 16 and
tert-butyl crotonate (17). Deprotonation of phosphonamide 16
(n-BuLi) followed by a stereoselective conjugate addition of the
so-obtained anion to tert-butyl crotonate (17) gave rise to
enolate 18, which subsequently participated in an intramolecular

Fig. 1 Some cyclopropane-based natural products along with their

biological property.

Scheme 1 Fe-mediated synthesis of the tri-substituted cyclopropanes

of (+)-ambruticin S (15) (Donaldson and Lukesh, 2005).13

Jean-Alexandre Richard

Jean-Alexandre Richard was
born in 1982 in Tours, France.
He studied at the University of
Tours, Le Havre and Rouen
where he obtained his PhD in
2008 under the supervision of
Professor Pierre-Yves Renard
and Dr Anthony Romieu,
working on the development
of luminescent probes for
molecular imaging. Since
2009 he has been working as
a Research Scientist at the
Institute of Chemical and
Engineering Sciences (ICES),
under the Agency for Science,

Technology and Research (A*Star), Singapore, focusing his
research on the total synthesis of natural products and the
development of new synthetic methodologies.

D
ow

nl
oa

de
d 

by
 E

CO
LE

 P
O

LY
TE

CH
N

IC
 F

ED
 D

E 
LA

U
SA

N
N

E 
on

 0
2 

O
ct

ob
er

 2
01

2
Pu

bl
ish

ed
 o

n 
16

 M
ay

 2
01

2 
on

 h
ttp

://
pu

bs
.rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

2C
S3

50
67

J

View Online

O

LiTMP

OLi OH

O

R 11

(DHQD)2Pyr
Cs2CO3
BrCH2CO2R2

O

R 11

R2O2C
H

Chen	
  D.	
  Y.-­‐K.,	
  et	
  al.,	
  Chem.	
  Soc.	
  Rev.,	
  2012,	
  41,	
  4631-­‐4642	
  



Groot’s	
  synthesis	
  of	
  (+)-­‐Isovelleral	
  

•  Isolated	
  from	
  Lactarius	
  in	
  1995	
  
•  Familly	
  shows	
  anLfungal	
  and	
  anLbacterial	
  
acLviLes	
  

•  Synthesis	
  by	
  A.	
  de	
  Groot	
  in	
  2001	
  
•  Cyclopropane	
  by	
  solvolyLc	
  rearrangement	
  

ether of 35, respectively, in 80% yield. A NOE difference
experiment on 34 in which selective irradiation of H-9R
at δ 1.11 resulted in positive enhancements of the H-5
(δ 1.91), H-1 (δ 2.09), and H-6R (δ 2.21) signals was in
agreement with the assigned stereochemistry. The isola-
tion of 34 in this reaction with MeMgI indicates that
enolization competes seriously with addition, probably
as a result of steric hindrance. The orientation of the Me
group at C7 in 35 could not be established by NMR
analysis, but was assumed to be R for steric reasons.25

Methylation of cation 33 or, alternatively, silylation of
35 by TMSI generated in this reaction might explain the
formation of the trimethylsilyl ether of 35. The formation
of only rearrangement-cyclopropanation products in this
reaction confirmed our hypothesis that the intermediacy
of the very stable oxonium ion in combination with an
enhanced electron density of the double bond is required
for a successful tandem reaction leading to the maras-
mane skeleton.

A selective formation of ketone 34 could be achieved
in 73% yield on exposure of 31 to MgI2

26 in the presence
of HMDS.27 Subsequent reaction of 34 with MeMgCl then
yielded the desired marasmane alcohol 35 (61%) as a
single compound. Deprotonation of 34 with KHMDS28

followed by addition of N-phenyltrifluoromethanesulfo-
nimide (Tf2NPh) afforded enol triflate 36 which was

methylated with Me2CuLi29 to provide another simple
marasmane derivative, olefin 37, in 40% overall yield.

Application was next extended to the synthesis of the
naturally occurring marasmane (+)-isovelleral (41).30 To
date, two total syntheses of this strongly antifungal and
antibacterial dialdehyde with pungent taste were re-
ported. In Heathcock’s racemic approach,31 the Corey-
Chaykovsky reagent was employed to introduce the
cyclopropane ring, whereas Wickberg32 used methylcy-
clopropenyllithium in his asymmetric synthesis. In our
synthetic approach toward isovelleral, cyclopropane ring
formation proceeds intramolecularly (Scheme 8). As
starting material, we selected optically active mesylate
38 with an allyl group at C8. After conversion of 38 to
silyl enol ether 39, the key step in our approach, the
MgI2-induced rearrangement-cyclopropanation reaction
of 39, should then lead to ketone 40. It is noteworthy that
initial efforts to synthesize the corresponding silyl enol
ethers with an ester33 or a protected carbinol function at
C8, failed. With 40 in hand, completion of the synthesis
of (+)-isovelleral (41) was planned through conversion
of the allyl substituent to an aldehyde group34 and
introduction of the second aldehyde group at C7 via a
Pd-catalyzed one-carbon homologation.31

Mesylate 38 was prepared from optically pure (+)-2935

via a reaction sequence similar to that employed for the
synthesis of 30.11 Treatment of 38 with TMSI and HMDS
gave a high yield36 of crude 39 which was immediately
used in the next reaction with MgI2, providing the
tricyclic ketone 40 in ca. 50% overall yield from (+)-29.
All the NMR spectroscopic data collected for 40 are
consistent with the assigned structure.

Having accomplished the successful rearrangement to
40, its conversion to (+)-isovelleral was first tried as
outlined in Scheme 9. Isomerization of the double bond
in 40 with RhCl3 in the presence of K2CO3

37 furnished
42 as a 10:1 mixture of E and Z isomers, respectively, in

(25) Inspection of a molecular model of 34 indicated that the "
direction of approach is strongly shielded.

(26) MgI2 should be added quickly to avoid air contact as much as
possible. Prolonged air contact will lead to inactivity of the reagent.

(27) Without HMDS, the yield of 34 was much lower as a result of
cyclopropane ring opening.

(28) LDA, normally used in this reaction, gave only a poor yield of
36.

(29) McMurry, J. E.; Scott, W. J. Tetrahedron Lett. 1980, 21, 4313.
(30) Hansson, T.; Sterner, O.; Wickberg, B. J. Org. Chem. 1992, 57,

3822.
(31) Thompson, S. K.; Heathcock, C. H. J. Org. Chem. 1992, 57,

5979.
(32) Bergman, R.; Hansson, T.; Sterner, O.; Wickberg, B. J. Chem.

Soc., Chem. Commun. 1990, 865.
(33) A successful rearrangement-cyclopropanation of a silyl enol

ether with a Me ester at C8 would lead directly to a known intermedi-
ate in the synthesis of racemic isovelleral. See ref 31.

(34) Hanselmann, R.; Benn, M. Synth. Commun. 1996, 26, 945.
(35) The starting material for the synthesis of (+)-29, optically pure

(+)-(1S,8aS)-1,2,3,4,6,7,8,8a-octahydro-3,3,8a-trimethyl-1-naphthale-
nol, was prepared as previously described. See: Franssen, M. C. R.;
Jongejan, H.; Kooijman, H.; Spek, A. L.; Bell, R. P. L.; Wijnberg, J. B.
P. A.; de Groot, A. Tetrahedron: Asymm. 1999, 10, 2729.

(36) Purification by column chromatography resulted in a modest
yield (45%) of 39.

Scheme 7 Scheme 8

Total Synthesis of (+)-Isovelleral J. Org. Chem., Vol. 66, No. 7, 2001 2353



Synthesis	
  of	
  (+)-­‐Isovelleral	
  	
  
OTBS
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Chen’s	
  synthesis	
  of	
  (±)-­‐echinopine	
  
A	
  and	
  B	
  

•  Extracted	
  in	
  2008	
  from	
  Echinops	
  spinosus	
  
•  Unique	
  [3/5/5/7]	
  ring	
  system	
  framework	
  
•  Synthesis	
  by	
  Chen’s	
  group	
  in	
  2011	
  
•  Use	
  of	
  Trost’s	
  cyclopropanaLon	
  of	
  olefin	
  with	
  
propargyl-­‐alcohol	
  



Synthesis	
  of	
  (±)-­‐echinopines	
  (I)	
  

B
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Synthesis	
  of	
  (±)-­‐echinopines	
  (II)	
  

C
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Cyclopropane-­‐formaLon	
  
Mechanism	
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Trauner’s	
  synthesis	
  of	
  	
  
(-­‐)-­‐crispatene	
  

•  Isolated	
  in	
  1981	
  from	
  mollusc	
  Elysia	
  crispata	
  
•  Numerous	
  biosyntheLc	
  studies	
  
(photochemistry)	
  

•  Cyclopropane	
  formed	
  by	
  cycloaddiLon	
  

analytical Laboratory operated by the UCB College of Chem-
istry. X-ray analysis was performed on a Bruker SMART CCD
area-detector diffractometer. All reactions were carried out
under an atmosphere of Ar or N2 in oven-dried glassware.
Tetrahydrofuran (THF) and methylene chloride (CH2Cl2) were
dried by passing through activated alumina columns. Benzene,
hexanes, and i-Pr2NEt were distilled from calcium hydride.
n-Butyl lithium was titrated by using diphenylacetic acid in THF.
CuI was purified by precipitation from hot aqueous NaI.
Pd2(dba)3!CHCl3 was synthesized according to a procedure in
the literature (15). Methyl f luorosulfonate (FSO2OMe) was
vacuum-distilled before use. Full experimental details and char-
acterization data for selected compounds, including vinyl iodide
13, tetraene 16, bicyclo[3.1.0]hexenes 19a and 19b, crispatene
(7), and 14-epi-ent-crispatene 29, are included in the supporting
information, which is published on the PNAS web site.

Results and Discussion
The synthesis of (!)-crispatene started with the known aldehyde
11 (16), easily available from the corresponding Evans syn-aldol
adduct (Scheme 2). Elongation using standard methodology
gave the doubly unsaturated aldehyde 12. A highly stereoselec-
tive Stork–Zhao olefination (17) yielded (Z)-vinyl iodide 13. The
tetraene system was assembled by Stille-coupling (18) of 13 with
stannane 15, which was obtained by halogen–tin exchange from
the corresponding known iodide 14 (19).

With the sensitive tetraene 16 at hand, we explored its Lewis
acid-catalyzed cyclization to a bicyclo[3.1.0]hexene derivative.
Gratifyingly, in the presence of 20 mol% of dimethylaluminum
chloride, 16 underwent clean cycloisomerization, via Lewis acid
adduct 17, to afford an inseparable 1:1.5 mixture of diaste-
reomers 18a and 18b in good overall yield. Only after conversion
to the corresponding Weinreb amides 19a and 19b could the two
isomers be separated.

Although the cycloisomerization showed little inherent di-
astereoselectivity, we were satisfied with its outcome. At this
time, we had no way of knowing which of our compounds
corresponded to which diastereomeric series. The 1H and 13C
NMR spectra of 18a and 18b, and 19a and 19b, respectively,
proved to be virtually identical, pointing to little stereochem-
ical communication between the bicyclic nucleus of the mol-
ecules and their side chains. In addition, we felt that the
stereochemical assignment of the methyl group at C-14 was less
than secure (C-14 was assigned in analogy to the related
natural product crispatone, whose structure was secured by
x-ray crystal structure analysis) (7). It was therefore decided to
carry on both diastereomers 19a and 19b to crispatene and
14-epi-crispatene, or their enantiomers.

In the event, the minor diastereomer 19a was converted into
synthetic (!)-crispatene (Scheme 3). Reaction of 19a with
ethylmagnesium bromide afforded ethyl ketone 20. Deprotona-
tion with excess base and addition of malonyl chloride 21 gave
22 in good yield. Subsequent cyclization of 22 under basic
conditions gave !-hydroxy-"-pyrone 23. Regioselective methyl-
ation under Beak’s conditions (20) was accompanied by signif-
icant desilylation to afford a 2:1 mixture of "-methoxy-!-pyrones
24 and 25. The former could be converted into the latter by
treatment with hydrofluoride pyridine (HF-pyridine). Finally,
oxidation of the secondary alcohol function to the ketone
afforded synthetic (!)-crispatene (7).

The 1H and 13C NMR, IR, and mass spectra of synthetic 7 were
in full agreement with the spectra obtained from authentic
natural product (see supporting information). In addition to this,
the optical rotation of the synthetic material, ["]D " !112° (c "
1.2, CHCl3), matched the reported value for (!)-crispatene, ["]D
" !92.8° (c " 0.12, CHCl3). We therefore conclude that
naturally occurring (!)-crispatene has the absolute configura-
tion shown in Fig. 2 and Scheme 3.

Scheme 3. Total synthesis of (!)-crispatene (continued). Reagents and
conditions: (a) EtMgBr, THF, 0°C, 87%; (b) 21, lithium hexamethyldisilazide (3
eq), THF, hexanes, !78°C, 74% (94% based on recovered starting material); (c)
1,8-diazabicyclo[5.4.0]undec-7-ene, PhH, 60°C, 87%; (d) FSO2OMe, CH2Cl2,
!5°C, 32% 24, 17% 25; (e) HF-pyridine, pyridine, THF, 77%; (f) Dess–Martin
periodinane, CH2Cl2, 86%.

Scheme 4. Total synthesis of 14-epi-ent-crispatene 29. Reagents and condi-
tions: (a) EtMgBr, THF, 0°C, 97%; (b) lithium hexamethyldisilazide (3 eq), 21,
THF, hexanes, !78°C, 74%; (c) 1,8-diazabicyclo[5.4.0]undec-7-ene, PhH, 60°C,
96%; (d) FSO2OMe, CH2Cl2, !5°C, 25% 27, 64% 28; (e) HF-pyridine, pyridine,
THF, 94%; (f) Dess–Martin periodinane, CH2Cl2, 97%.

Scheme 5. Preparation of compound 30.

Miller et al. PNAS ! August 17, 2004 ! vol. 101 ! no. 33 ! 12021
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Synthesis	
  of	
  (-­‐)-­‐crispatene	
  (I)	
  	
  

O

OTBS
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    rflx., 94%;
2. DIBAL-H, -78°C, 98%;
3. DMP, 88%;

O

OTBS Ph3P=CHCH3, I2
NaHMDS,

-78°C, 86%
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Synthesis	
  of	
  (-­‐)-­‐crispatene	
  (II)	
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Fürstner’s	
  synthesis	
  of	
  (-­‐)-­‐Cubebol	
  

•  Isolated	
  in	
  1952	
  from	
  cubeb	
  oil	
  
•  Used	
  in	
  food	
  chemistry	
  
•  Numerous	
  total	
  synthesis	
  
•  Fürstner	
  used	
  a	
  Pt-­‐catalyzed	
  rearrangement	
  to	
  
reach	
  it	
  in	
  2006	
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Synthesis	
  of	
  (-­‐)-­‐Cubebol	
  
O Rh cat.

H2

98%

O O1. Pd/C, H2
2. NaOMe

90%, dr 9:1

LiTMP
Comins reagent

-78°C, 87%

TfO

H2C=CHSnBu3,
Pd(PPh3)4 cat.
LiCl

reflux, 85%

1. 9-BBN, H2O2, NaOH, 87%
2. DMP, 86%
3. TMSC      CH, BuLi, CeCl3
    -78°C, 93%, dr 65:35

HO

TMS

1. DMP, 94%
2. i-PrOH, Ru cat.
    93%, dr 85:15
3. TBAF, 89%
4. Ac2O, Et3N,
    DMAP, 93%

AcO
PtCl2

80°CPt
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O
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H

O
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O
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HAcO
H

92%
K2CO3

76% HO
H

MeLi, CeCl3

-78°C 91% HH

HO
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