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FACTS ABOUT
ACTINOPHYLLIC ACID
Isolated by Anthony R. Carroll et al. [J. Org. Chem. 2005, 70, 1096-1099]
Isolated by a Bioassay-guided fractionation of the aqueous extract of the
leaves of Alstonia actinophylla (White Cheeswood)
Coupled enzyme assay: zinc-dependent Carboxypeptidase U (CPU)/
hippuricase for selective detection of thrombin-activatable fibrinolysis inhibitors
(TAFIa; anti-thrombosis)
Potent inhibitor: IC50=0.84µM
Structure elucidation:
optical rotation: [a]D=-29°
2D NMR
HRES-IMS: m/z=341.1502 (C19H20N2O4)
IR: 3407 (OH), 2928 (CH), 1706 (CO) [cm^-1]
Unique skeleton
[2,3,6,7,9,13c-hexahydro-1H-1,7,8-(methanetriyloxymethano)- pyrrolo[1′,2′:1,2]azocino[4,3-b]indole-8(5H)-carboxylic acid]

PROPOSED BIOSYNTHESIS
SCHEME 1.

Biogenetic Pathway Proposed for Actinophyllic Acid (1)

in neat DMSO and assayed at 1% DMSO, using diluent (100
mM HEPES, pH 7.4). The reaction was started by the addition
of 20 µL of CPU. Assays were mixed for 5 min and incubated at
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in neat DMSO and assayed at 1% DMSO, using diluent (100
mM HEPES, pH 7.4). The reaction was started by the addition
of 20 µL of CPU. Assays were mixed for 5 min and incubated at
23 °C for 75 min after which absorbance at 490 nm (A490) was
measured. Blank control wells contained 20 µL of activation
buffer in place of CPU. The reaction was quenched by the
addition of 30 µL of stop solution (23 mM NaIO4 and 71.5 mM
EDTA) and incubated for an additional 15 min for color development and a second absorbance measurement was made. Compound IC50 values (concentration required to increase A490 to 50%
of control) were estimated from the average of triplicate measurements with use of nonlinear, least-squares analysis.
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Thanks are also extended to Kimberley Myers for help
with the bioassay determinations.
Supporting Information Available: General experimental procedures and 1H and 13C NMR and two-dimensional
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PUBLICATIONS CONCERNING
ACTINOPHYLLIC ACID

Isolation by Carroll et al. [J. Org. Chem. 2005, 70, 1096-1099]
Racemic Synthesis by Larry Overman et al. [J. AM. CHEM. SOC. 2008, 130, 7568–7569]
Progress Toward the Synthesis ... by John Wood [Org. Lett., Vol. 11, No. 20, 2009]
Absolute configuration by Larry Overman et al. [J. Nat. Prod. 2009, 72, 430–432]
by means of optical rotation and electronic circular dichroism of its Methylester

Optically active Synthesis by Larry Overman et al. [J. AM. CHEM. SOC. 2010, 132, 4894–4906]

an intramolecular cyclopropanation of dienyl diazoacetoacetamide 6.

WOOD‘S APPROACH
[Org. Lett., Vol. 11, No. 20, 2009]

Scheme 1. Retrosynthetic Analysis to 1

The synthesis commenced with the efficient and expedient
preparation of dienyl diazoacetoacetamide 6, a requisite
precursor for constructing the [6,7]-fused β-keto lactam 5
(Scheme 2). Accordingly, homopropargylic silyl ether6 7 was
treated with Grubbs’ second-generation catalyst, 4-bromo1-butene, and ethylene gas to furnish the bromo diene 8 via
an enyne cross-metathesis reaction.7-9 Displacement of the
bromide with benzylamine (8 f 9),10 followed by acetoacetamide formation using diketene (9 f 10) and a standard
Regitz diazotransfer reaction using Et3N and p-acetamidobenzenesulfonyl azide11 (p-ABSA), afforded 6 in 75% yield
over three steps.
Following the successful synthesis of 6, the metalcatalyzed cyclopropanation reaction was investigated (Scheme
3).12 To this end, 1H NMR analysis of crude reaction
mixtures produced upon reaction of 6 in the presence of
various achiral rhodium- or copper-based catalysts clearly
indicated the presence of complex mixtures that appeared
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Scheme 2. Preparation of Dienyl Diazoacetoacetamide 6
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to be comprised of C-H insertion products (11 and 12), in
addition to the desired cyclopropanation product (5). After
a survey of reaction parameters it was realized that copper(II)
bis(salicylidene-tert-butylamine)13 [Cu(TBS)2] effectively
promoted the cyclopropanation of 6.11,14 In the event, slow
addition of 6 to a solution of 10 mol % Cu(TBS)2 in 1,2dichloroethane induced the formation of the desired
3-azabicyclo[4.1.0]heptan-2-one system (5) as a single diastereomer, albeit in 50-60% yield.15
To construct the [6,7]-fused bicyclic lactam 4, ketone 5
was initially treated under soft enolization conditions (with
TBSOTf and Et3N) at -40 °C (Scheme 4).16,17 The resultant
enoxysilane (13) was thus poised to intercept the 1,1disubstituted olefin in a divinylcyclopropane rearrangement.
Accordingly, subsequent warming of enoxysilane 13 to
ambient temperatures promoted the facile [3,3]-sigmatropic
rearrangement (13 f 14), thereby unveiling 4 as a mixture
of keto-/enol-tautomers.18 The release of ring strain associ-

WOOD‘S APPROACH
[Org. Lett., Vol. 11, No. 20, 2009]

Scheme 3. Metal-Catalyzed Reaction of 6

was achieved under standard conditions to a
16.21 The indolization of 16 was realized via a F
synthesis (Table 1). Unfortunately, under
conditions only low to modest yields of the d
17 were observed. Additionally, the form
undesired pyrazolone 18 was also detected as
product.

Table 1. One-Pot Fischer Indolization

With the mixture of keto-/enol-4 in hand, we next turned
to installation of the hydroxymethyl moiety residing at the
C16 quaternary center. Initial attempts to functionalize
directly via an aldol reaction were met with limited success
(not shown). As an alternative, 4 was subjected to a
TsujisTrost allylation reaction using catalytic Pd(PPh3)4 and
allyl methylcarbonate. Gratifyingly, this substrate-controlled
allylation reaction provided the allylated β-keto amide 15
as essentially a single diastereomer.19,20 At this stage, NOE
studies on 15 failed to offer conclusive evidence for the
relative stereochemical configuration of the newly generated
C16 center; however, this issue was eventually resolved on
a subsequent intermediate (vide infra).

Scheme 4. Elaboration of Cyclopropane 5

entry

conditions

1

PhNHNH2·HCl (3.6 equiv)
EtOH, reflux
PhNHNH2·HCl (1.2 equiv)
EtOH, seal tube, 100 °C
PhNHNH2·HCl (1.4 equiv)
EtOH, 150 °C (microwave), 2 h

2
3

17 (%) 1
10
28
42
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Scheme 4. Elaboration of Cyclopropane 5

Our attention next turned to examining protocols for the
installation of the indole moiety. Removal of the silyl ether
(19) (a) Tsuji, J.; Shimizu, I.; Minami, I.; Ohashi, Y. Tetrahedron Lett.
1982, 23, 4809–4812.
(20) For a review of palladium-catalyzed allylic alkylations, see: (a)
Trost, B. M. Angew. Chem., Int. Ed. Engl. 1989, 28, 1173–1192. (b) Tsuji,
J. Tetrahedron 1986, 42, 4361–4401.
4534

next attempted an alternative protocol for the installation of
the indole moiety. Ultimately, addition of 10 mol %
scandium(III) triflate [Sc(OTf)3] to 15 in the presence of
phenylhydrazine efficiently provided phenylhydrazone 19 as
a single regioisomer (Scheme 5).22-25 At this point, nOe
studies on hydrazone 19 revealed the relative syn-stereochemical relationship between the C16 quaternary and the
C15 positions (see red arrows in Scheme 5). Subsequent
microwave irradiation of unpurified 19 in the presence of
anhydrous ZnCl2 at elevated temperature cleanly afforded
the desired indole 3 in 64% yield (unoptimized) from ketone
15. Importantly, 3 embodies all of the C-atoms required
(highlighted in red in Scheme 5) for the completion of a
total synthesis of 1.
In summary, herein we have disclosed the efficient
construction of 6 and its application in an intramolecular
cyclopropanation reaction which, in turn, holds potential for
an asymmetric synthesis via chiral metal catalysis. Subsequent facile cis-divinyl cyclopropane rearrangement of 5
(21) Initial attempts to employ phenylhydrazine hydrochloride in the
Fischer indolization reaction of substrate 15 led to mixtures of products,
which arose from non-deprotected and deprotection of the silyl ether.
(22) Attempts to condense phenylhydrazine with ketone 15 under either
neutral or protic acid conditions provided only low conversions to the desired
hydrazone 19.
(23) For examples of the use of Sc(OTf)3 as a Lewis acid activator for
aldehydes in the presence of hydrazines, see: (a) Furrow, M. E.; Myers,
A. G. J. Am. Chem. Soc. 2004, 126, 5436–5445. (b) Kobayashi, S.; Hamada,
T.; Manabe, K. Synlett 2001, 1140–1142.
(24) Sc(OTf)3-catalyzed formation of hydrazone 19 proceeded quantitatively as judged by 1H NMR analysis of the unpurified reaction mixture.
Isolation yields of 19 typically ranged between 84%-97% yield.
(25) The configuration of hydrazone 19 (i.e., E-hydrazone vs. Zhydrazone) could not be determined by NMR.
Org. Lett., Vol. 11, No. 20, 2009
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center and the indole nucleus. The form
controlled Tsuji-Trost allylation and latte
Fischer indolization reaction. Overall, this
allowed for the assembly of all the requi
in only eight steps.

Acknowledgment. We thank Dr. Christo
Heyse, and Don Dick of the CSU Centr
Facility for assistance in obtaining NMR
metric data. In addition, we thank Colorad
Bristol-Myers Squibb, and Amgen, Inc., fo

provided access to the seven membered core of 1 and set
the stage for subsequent incorporation of the C16 quaternary

Supporting Information Available:
cedures, compound characterization, 1H N
data for all compounds. 2D-NMR spectra
compounds. This material is available fre
Internet at http://pubs.acs.org.
OL901746C

OVERMAN APPROACH
[J. AM. CHEM. SOC. 2010, 132, 4894–4906]

DENKSPORT - SOLUTION

DENKSPORT - SOLUTION

DENKSPORT - SOLUTION
ARTICLES

Total Synthesis of (()- and (-)-Actinophyllic Acid
Scheme 1. Retrosynthetic Analysis of Actinophyllic Acid

biogenetic pathway.4 Rigorous definition of the absolute configuration of (-)-actinophyllic acid (1) by spectroscopic and
computational methods6 was realized only after this laboratory
completed the first total synthesis of (()-actinophyllic acid in
2008.7
We describe in this paper the development of an efficient
strategy for assembling the ring system of actinophyllic acid,
which culminated in the first total synthesis of this unique
alkaloid. A simplification of the later stages of this sequence
leading to an improved second-generation total synthesis of (()actinophyllic acid is also reported. In addition, the first enantioselective total synthesis of (-)-actinophyllic acid (1), which
confirms the spectroscopic assignment of its absolute configuration, is disclosed.8 The possibility that the aza-Cope/Mannich
reaction is involved in the biosynthesis of natural products is
considered and a potential biosynthetic route to actinophyllic
acid is proposed.
Results and Discussion
Synthesis Plan. The retrosynthetic analysis that guided our
efforts to prepare (-)-actinophyllic acid (1) is outlined in
Scheme 1. Disconnecting the tetrahydrofuran ring at the
hemiketal C-O bond reveals pentacyclic ketone 5. This
intermediate contains a 3-acylpyrrolidine unit, which suggests
its potential formation by aza-Cope/Mannich rearrangement of
formaldiminium ions derived from hexahydro-1,5-methano-1Hazocino[4,3-b]indole precursors such as 6 or 7.9 Of these
possibilities, the postulated transformation of intermediate 6 to
5 is particularly attractive as actinophyllic acid would result
directly. If the relative configuration of the ester and hydroxymethyl side chains of precursor 6 could not be established in an
efficient fashion, an alternate possibility would be to carry out
(6) Taniguchi, T.; Martin, C. L.; Monde, K.; Nakanishi, K.; Berova, N.;
Overman, L. E. J. Nat. Prod. 2009, 72, 430–432.
(7) Martin, C. L.; Overman, L. E.; Rohde, J. M. J. Am. Chem. Soc. 2008,
130, 7568–7569.
(8) For progress toward the total synthesis of actinophyllic acid by a
different approach, see: Vaswani, R. G.; Day, J. J.; Wood, J. L. Org.
Lett. 2009, 11, 4532–4535.
(9) (a) Overman, L. E.; Humphreys, P. G.; Welmaker, G. S. Org. React.
2010, 75, in press. (b) Overman, L. E. Tetrahedron 2009, 65, 6432–
6446.

Scheme 2. Pivotal Aza-Cope/Mannich Rearrangement Step

the aza-Cope/Mannich transformation with precursor 7, and
subsequently elaborate the product to intermediate 5 by reaction
of an ester or acid enolate with formaldehyde. Disconnecting
the allylic alcohol intermediates 6 and 7 identifies tetracyclic
ketone 8 as an important subgoal of our synthesis plan.
The pivotal aza-Cope/Mannich rearrangement step of our
projected synthesis plan is analyzed in more detail in Scheme
2. Although this reaction had not been employed previously to
transform a 3-vinylpiperidine to a 1-azabicyclo[4.2.1]nonan-5one (atoms highlighted in red in Scheme 2), the prospects for
success appeared good. Molecular modeling of intermediates
such as 11 showed that the overlap between the vinyl and
iminium fragments, although far from ideal, was comparable
to that of several other successful aza-Cope/Mannich processes.9,10
Moreover, there was evidence from early studies of Grob and
co-workers that the proposed cationic aza-Cope rearrangement
step, 11 f 12 (Scheme 2), would likely take place readily.11
Specifically, they had shown that solvolytic Grob-fragmentation
of tosylate 13 generated largely 4-azocine iminium ion 14, which
was transformed rapidly to the 3-vinylpiperidine iminium ion
15 (eq 1). By the principle of microscopic reversibility, the
reverse transformation, as postulated in the conversion of
intermediate 11 to 12, should be possible. That the equilibrium
of the proposed iminium ion isomers likely lies on the side of
the 3-vinylpiperidine isomer should be of no concern, as a
stereoelectronically favorable intramolecular Mannich reaction
would be expected to capture iminium ion isomer 12 in the
postulated aza-Cope/Mannich transformation.
The hexahydro-1,5-methano-1H-azocino[4,3-b]indole ring
system of intermediate 8 is a structural feature of several indole
alkaloid families and the ring system of the uleine alkaloids.12
As a result, a number of methods for assembling this tetracyclic
(10) Brüggemann, M.; McDonald, A. I.; Overman, L. E.; Rosen, M. D.;
Schwink, L.; Scott, J. P. J. Am. Chem. Soc. 2003, 125, 15284–15285.
(11) Grob, C. A.; Kunz, W.; Marbet, P. R. Tetrahedron Lett. 1973, 16,
2613–2616.
(12) The Monoterpene Indole Alkaloids; Saxton, J. E., Ed.; The Chemistry
of Heterocyclic Compounds; Wiley: New York, 1983; Vol. 25, Part
4.
J. AM. CHEM. SOC.
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