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including a furan (diene component) and a,b-unsaturated ketone
(dienophile) moieties in the molecule.

Our first objective focused on the stereoselective synthesis of the
crucial precursor epoxy nitrile 9 for construction of the

tricyclo[5.2.1.01,6]decane skeleton (DEF ring system). The targeted
molecule 9 was a trans-fused indane derivative bearing two quatern-
ary asymmetric carbon atoms at the bridge heads; its synthesis
therefore appeared very challenging. Figure 2 presents the successful
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Figure 1 | Cyst nematodes and their effect on crops. a, Potato cyst nematode Globodera rostochiensis. b, Cysts on potato roots, which protect the nematodes
until hatch stimulants produced by the host plant are present. c, Potato field affected by potato cyst nematodes. d, Structures of glycinoeclepin A (1) and
solanoeclepin A (2)—key hatch-stimulating substances for the soybean cyst and potato cyst nematodes, respectively. The key disconnections in a planned
total synthesis effort for solanoeclepin A (2) are shown.
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Figure 2 | Stereoselective synthesis of right-hand segment 17. The DEFG ring system was constructed via 1,2-rearrangement of the vinyl group and the
key intramolecular cyclization reaction of epoxy nitrile 9. mCPBA, m-chloroperbenzoic acid; Al(OTf)3, aluminium trifluoromethanesulfonate; DBU,
1,8-diazabicyclo[5.4.0]undec-7-ene; TBHP, tert-butyl hydroperoxide; MS4Å, molecular sieves 4Å; TMSOTf, trimethylsilyl trifluoromethanesulfonate; HF†Py,
hydrogen fluoride pyridine complex; DIBAL, diisobutylaluminum hydride; TBSOTf, tert-butyldimethylsilyl trifluoromethanesulfonate; LDA, lithium
diisopropylamide; TBSCl, tert-butyldimethylsilyl chloride; HMPA, hexamethylphosphoramide; BnBr, benzyl bromide; TBAI, tetrabutylammonium iodide; DMF,
N,N-dimethylformamide; TBAF, tetrabutylammonium fluoride; THF, tetrahydrofuran; DMP, Dess–Martin periodinane; BOMCl, benzyl chloromethyl ether;
DIPEA, N,N-diisopropylethylamine; Tf2O, trifluoromethanesulfonic anhydride; 2,6-(t-Bu)2Py, 2,6-di-(tert-butyl)pyridine.
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including a furan (diene component) and a,b-unsaturated ketone
(dienophile) moieties in the molecule.

Our first objective focused on the stereoselective synthesis of the
crucial precursor epoxy nitrile 9 for construction of the

tricyclo[5.2.1.01,6]decane skeleton (DEF ring system). The targeted
molecule 9 was a trans-fused indane derivative bearing two quatern-
ary asymmetric carbon atoms at the bridge heads; its synthesis
therefore appeared very challenging. Figure 2 presents the successful
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Figure 1 | Cyst nematodes and their effect on crops. a, Potato cyst nematode Globodera rostochiensis. b, Cysts on potato roots, which protect the nematodes
until hatch stimulants produced by the host plant are present. c, Potato field affected by potato cyst nematodes. d, Structures of glycinoeclepin A (1) and
solanoeclepin A (2)—key hatch-stimulating substances for the soybean cyst and potato cyst nematodes, respectively. The key disconnections in a planned
total synthesis effort for solanoeclepin A (2) are shown.
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Figure 2 | Stereoselective synthesis of right-hand segment 17. The DEFG ring system was constructed via 1,2-rearrangement of the vinyl group and the
key intramolecular cyclization reaction of epoxy nitrile 9. mCPBA, m-chloroperbenzoic acid; Al(OTf)3, aluminium trifluoromethanesulfonate; DBU,
1,8-diazabicyclo[5.4.0]undec-7-ene; TBHP, tert-butyl hydroperoxide; MS4Å, molecular sieves 4Å; TMSOTf, trimethylsilyl trifluoromethanesulfonate; HF†Py,
hydrogen fluoride pyridine complex; DIBAL, diisobutylaluminum hydride; TBSOTf, tert-butyldimethylsilyl trifluoromethanesulfonate; LDA, lithium
diisopropylamide; TBSCl, tert-butyldimethylsilyl chloride; HMPA, hexamethylphosphoramide; BnBr, benzyl bromide; TBAI, tetrabutylammonium iodide; DMF,
N,N-dimethylformamide; TBAF, tetrabutylammonium fluoride; THF, tetrahydrofuran; DMP, Dess–Martin periodinane; BOMCl, benzyl chloromethyl ether;
DIPEA, N,N-diisopropylethylamine; Tf2O, trifluoromethanesulfonic anhydride; 2,6-(t-Bu)2Py, 2,6-di-(tert-butyl)pyridine.
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including a furan (diene component) and a,b-unsaturated ketone
(dienophile) moieties in the molecule.

Our first objective focused on the stereoselective synthesis of the
crucial precursor epoxy nitrile 9 for construction of the

tricyclo[5.2.1.01,6]decane skeleton (DEF ring system). The targeted
molecule 9 was a trans-fused indane derivative bearing two quatern-
ary asymmetric carbon atoms at the bridge heads; its synthesis
therefore appeared very challenging. Figure 2 presents the successful
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until hatch stimulants produced by the host plant are present. c, Potato field affected by potato cyst nematodes. d, Structures of glycinoeclepin A (1) and
solanoeclepin A (2)—key hatch-stimulating substances for the soybean cyst and potato cyst nematodes, respectively. The key disconnections in a planned
total synthesis effort for solanoeclepin A (2) are shown.
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synthesis of the requisite precursor 9, starting from bicyclic acetoxy
nitrile 3, available on a large scale in an optically active form using a
protocol recently reported by us25. Epoxidation of 3 with m-chlor-
operoxy- benzoic acid (mCPBA) in dichloromethane (CH2Cl2) pro-
vided b-epoxide 4 stereoselectively, which, on treatment with
trimethylaluminium (Me3Al) in the presence of aluminium tri-
fluoro- methanesulfonate (Al(OTf)3) in 1,2-dichloroethane
((CH2Cl)2), underwent a Meinwald rearrangement to give keto
acetate 5 as a single product. After treatment of the keto acetate
with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in CH2Cl2, the
resulting enone (67% yield, three steps) was subjected to the
Grignard reaction with vinylmagnesium bromide in the presence
of cerium(III) chloride (CeCl3) in tetrahydrofuran (THF) to afford
allylic alcohol 6 in 96% yield. As expected, addition of the
Grignard reagent occurred exclusively from the opposite side of
the angular methyl group. Oxidation of the allylic alcohol with
tert-butyl hydroperoxide (TBHP) in the presence of titanium(IV)
isopropoxide (Ti(OiPr)4) and molecular sieves 4Å (MS4Å) in
CH2Cl2 afforded a-epoxy alcohol 7 in 92% yield.

The next 1,2-rearrangement of the vinyl group was efficiently
performed with trimethylsilyl trifluoromethanesulfonate (TMSOTf)
and 2,6-lutidine in (CH2Cl)2 to furnish the desired hydroxy ketone
8 in 97% yield. Thus, the stereoselective synthesis of the trans-
fused indane derivative bearing two quaternary asymmetric carbon
atoms was established. The requisite epoxy nitrile 9 was synthesized
in 69% yield by a three-step reaction sequence comprising:
(i) stereoselective reduction of the ketone moiety with diisobutylalu-
minium hydride (DIBAL) in THF, (ii) protection of the hydroxyl
groups with a tert-butyldimethylsilyl (TBS) group, (iii) epoxidation
of the vinyl group with mCPBA in CH2Cl2 giving rise to a separable
mixture of the (S)-epoxide 9 (74%) and (R)-epoxide 9′ (14%).

The next step was the key intramolecular cyclization reaction to con-
struct the four-membered carbocycle. The reaction proceeded with high
efficiency by treatment of 9 with lithium diisopropylamide (LDA) in
THF at 0 8C and subsequent addition of tert-butyldimethylsilyl chloride

(TBSCl) and hexamethylphosphoramide (HMPA) in a one-pot
operation to produce the tricyclo[5.2.1.01,6]decane derivative 10 in
nearly quantitative yield. The stereochemistry of the product was
unambiguously confirmed by X-ray crystallographic analysis of
the corresponding p-bromobenzoate. (An ORTEP drawing and
the CIF file of the crystalline compounds are provided in the
Supplementary Information.)

With intermediate 10 in hand, we next focused on the synthesis
of the cyclopropane ring of the side chain. For this purpose, 10 was
transformed into unsaturated ester 11 (96%, two steps). After
reduction of the ester with DIBAL, the resulting allylic alcohol
was subjected to the Simmons–Smith reaction in the presence of
1,3,2-dioxaborolane ligand26 to give cyclopropane 12 with the
desired stereochemistry in quantitative yield. We had thus estab-
lished the carbocyclic framework of the DEFG ring system.
Product 12 was further converted to hydroxy ketone 15 in several
steps, from which enol triflate 17, the key fragment, was successfully
synthesized by way of keto enamine 16 (91%, three steps). This pro-
vided the fully functionalized DEFG ring system bearing three con-
secutive stereocentres in a highly stereoselective manner.

Construction of the left-hand segment and completion of the
total synthesis. We then focused on the construction of the ABC
ring system including the 7-oxabicyclo[2.2.1]heptan-2-one moiety.
To construct this particular ring system effectively, we designed
the synthetic route shown in Fig. 3, which involved an
intramolecular Diels–Alder reaction between the furan and an
unsaturated ketone moiety in precursor 20.

Synthesis of 20 began with the addition reaction of 17 with
4-methoxy-5-(trimethylsilyl)fur-2-yl lithium in THF at –78 8C,
which afforded a 2 alcohol 18 quantitatively. Removal of the
TMS group in the furan with pyridinium p-toluenesulfonate
(PPTS) in wet DMF and protection of the hydroxyl group with
chlorotrimethylsilane (TMSCl) and imidazole in DMF furnished
19 (94% yield, three steps). The crucial palladium-catalysed
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coupling reaction of 19 with 4-methyl-2-trimethylsilyloxy-1,3-pen-
tadiene successfully occurred by combination of bis[(tris-o-tolyl)-
phosphine]palladium dichloride and tributyltin fluoride27 in DMF
resulting in the formation of 20 as a single product in 44% yield.
The crucial intramolecular Diels–Alder reaction occurred in the pres-
ence of dimethylaluminum chloride (Me2AlCl) in ether giving rise to
the heptacyclic compound 21 in a stereoselective manner.

To introduce the oxygen functionality at the C7 position, 21 was
further transformed into triketone 22 in two steps (90%). Oxidation
of the C7 methylene group was successfully performed by initial
treatment of 22 with selenium dioxide (SeO2) in 1,4-dioxane fol-
lowed by treatment of the resulting hydroxy ketone with
copper(II) acetate in MeOH, giving rise to 23 in 74% yield. The

product 23 was further converted to 27 by way of 25 in three
steps (42%). By-products including 26 produced upon reduction
of 24 were recycled to 24 by oxidation with Dess–Martin periodi-
nane (DMP).

With the functionalized heptacyclic compound 27 in hand, the
final remaining tasks for the total synthesis of solanoeclepin A
were: (i) oxidative cleavage of the exo-methylene group on the
four-membered carbon ring to the corresponding ketone; (ii) con-
version of the primary alcohol protected with a benzyl group to car-
boxylic acid as shown in Fig. 4.

The first task was performed by treatment of 28 with osmium
tetroxide (OsO4) followed by oxidative cleavage of the resulting
diol with sodium periodate (NaIO4) to give cyclobutanone 30.
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Synthesis of conolidine, a potent non-opioid
analgesic for tonic and persistent pain
Michael A. Tarselli1, Kirsten M. Raehal2,3, Alex K. Brasher1, John M. Streicher2,3, Chad E. Groer2,3,
Michael D. Cameron2, Laura M. Bohn2,3* and Glenn C. Micalizio1*

Management of chronic pain continues to represent an area of great unmet biomedical need. Although opioid analgesics
are typically embraced as the mainstay of pharmaceutical interventions in this area, they suffer from substantial liabilities
that include addiction and tolerance, as well as depression of breathing, nausea and chronic constipation. Because of their
suboptimal therapeutic profile, the search for non-opioid analgesics to replace these well-established therapeutics is an
important pursuit. Conolidine is a rare C5-nor stemmadenine natural product recently isolated from the stem bark of
Tabernaemontana divaricata (a tropical flowering plant used in traditional Chinese, Ayurvedic and Thai medicine).
Although structurally related alkaloids have been described as opioid analgesics, no therapeutically relevant properties of
conolidine have previously been reported. Here, we describe the first de novo synthetic pathway to this exceptionally rare
C5-nor stemmadenine natural product, the first asymmetric synthesis of any member of this natural product class, and the
discovery that (+++++)-, (1)- and (2)-conolidine are potent and efficacious non-opioid analgesics in an in vivo model of tonic
and persistent pain.

The search for the next generation of therapeutics for the treat-
ment of pain continues to define an active area of scientific
pursuit. Among current pharmaceutical interventions,

opioid analgesics (i.e. Fig. 1a) represent the most widely embraced1.
Unfortunately, these agents are clinically problematic as a result of
their well-established adverse properties that include addiction, tol-
erance, depression of breathing, nausea and chronic constipation2.
Hence the identification of effective non-opioid analgesics to
replace these well-established therapeutics is widely held as an
important area of investigation. Here, we describe an interdisciplin-
ary study that has led to the discovery that a rare plant-derived
natural product, first isolated in 20043, possesses potent non-
opioid analgesic properties and is effective in alleviating chemically
induced, inflammatory and acute tonic pain. Overall, efforts have
defined the first de novo synthetic pathway to an exceptionally
rare C5-nor stemmadenine natural product, and the first asym-
metric synthesis of any natural product in this class. These advances
have fuelled the discovery that (+)-, (þ)- and (2)-conolidine are
potent non-opioid analgesics in vivo.

Tabernaemonta divaricata is a flowering tropical plant that has
been used historically in traditional Chinese, Ayurvedic and Thai
medicines, with applications spanning treatment of fever, pain,
scabies and dysentery4. The search for the medicinally relevant
components of this plant has resulted in the isolation of a vast
array of indole alkaloids that possess diverse biological profiles4.
Conolidine (1) is an exceedingly rare component of a Malayan
T. divaricata, isolated in only 0.00014% yield from the stem bark
of this small flowering plant (Fig. 1b)3. Although no biological or
medicinal properties of conolidine have been described, other
more abundant alkaloids common to this species have been impli-
cated as opioid analgesics4,5.

The molecular structure of 1 defines it as a member of the C5-
nor stemmadenine family of natural products, other members of
which have represented significant challenges to modern asym-
metric synthesis. In fact, no asymmetric synthesis of any member

of this natural product class has been described, and no robust
source of conolidine has been identified to fuel medicinal evalu-
ation. The lack of a source of 1, the scarcity of chemical approaches
suitable for the synthesis of the C5-nor stemmadenine skeleton and
the compelling drug-like molecular structure of conolidine motiv-
ated our initial chemical investigations aimed at securing ample
quantities of this rare alkaloid by synthetic means.
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Figure 1 | Opioid analgesics and stemmadenine-based alkaloids.
a, Common opioid analgesics morphine, hydrocodone and oxycodone.
Although extremely effective, well-known side effects compromise
the therapeutic profile of these agents. b, Conolidine, pericine and
stemmadenine are rare alkaloids derived from plants used in traditional
Chinese, Ayurvedic and Thai medicine. Conolidine itself can be isolated in
just 0.00014% yield from the stem bark of T. divaricata. The low natural
abundance, established utility of T. divaricata in traditional medicine and
synthetic challenge posed by the structure of conolidine served to motivate
our pursuit of a programme to accomplish the first synthetic pathway to
conolidine and evaluate its biological properties.
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Management of chronic pain continues to represent an area of great unmet biomedical need. Although opioid analgesics
are typically embraced as the mainstay of pharmaceutical interventions in this area, they suffer from substantial liabilities
that include addiction and tolerance, as well as depression of breathing, nausea and chronic constipation. Because of their
suboptimal therapeutic profile, the search for non-opioid analgesics to replace these well-established therapeutics is an
important pursuit. Conolidine is a rare C5-nor stemmadenine natural product recently isolated from the stem bark of
Tabernaemontana divaricata (a tropical flowering plant used in traditional Chinese, Ayurvedic and Thai medicine).
Although structurally related alkaloids have been described as opioid analgesics, no therapeutically relevant properties of
conolidine have previously been reported. Here, we describe the first de novo synthetic pathway to this exceptionally rare
C5-nor stemmadenine natural product, the first asymmetric synthesis of any member of this natural product class, and the
discovery that (+++++)-, (1)- and (2)-conolidine are potent and efficacious non-opioid analgesics in an in vivo model of tonic
and persistent pain.

The search for the next generation of therapeutics for the treat-
ment of pain continues to define an active area of scientific
pursuit. Among current pharmaceutical interventions,

opioid analgesics (i.e. Fig. 1a) represent the most widely embraced1.
Unfortunately, these agents are clinically problematic as a result of
their well-established adverse properties that include addiction, tol-
erance, depression of breathing, nausea and chronic constipation2.
Hence the identification of effective non-opioid analgesics to
replace these well-established therapeutics is widely held as an
important area of investigation. Here, we describe an interdisciplin-
ary study that has led to the discovery that a rare plant-derived
natural product, first isolated in 20043, possesses potent non-
opioid analgesic properties and is effective in alleviating chemically
induced, inflammatory and acute tonic pain. Overall, efforts have
defined the first de novo synthetic pathway to an exceptionally
rare C5-nor stemmadenine natural product, and the first asym-
metric synthesis of any natural product in this class. These advances
have fuelled the discovery that (+)-, (þ)- and (2)-conolidine are
potent non-opioid analgesics in vivo.

Tabernaemonta divaricata is a flowering tropical plant that has
been used historically in traditional Chinese, Ayurvedic and Thai
medicines, with applications spanning treatment of fever, pain,
scabies and dysentery4. The search for the medicinally relevant
components of this plant has resulted in the isolation of a vast
array of indole alkaloids that possess diverse biological profiles4.
Conolidine (1) is an exceedingly rare component of a Malayan
T. divaricata, isolated in only 0.00014% yield from the stem bark
of this small flowering plant (Fig. 1b)3. Although no biological or
medicinal properties of conolidine have been described, other
more abundant alkaloids common to this species have been impli-
cated as opioid analgesics4,5.

The molecular structure of 1 defines it as a member of the C5-
nor stemmadenine family of natural products, other members of
which have represented significant challenges to modern asym-
metric synthesis. In fact, no asymmetric synthesis of any member

of this natural product class has been described, and no robust
source of conolidine has been identified to fuel medicinal evalu-
ation. The lack of a source of 1, the scarcity of chemical approaches
suitable for the synthesis of the C5-nor stemmadenine skeleton and
the compelling drug-like molecular structure of conolidine motiv-
ated our initial chemical investigations aimed at securing ample
quantities of this rare alkaloid by synthetic means.
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Figure 1 | Opioid analgesics and stemmadenine-based alkaloids.
a, Common opioid analgesics morphine, hydrocodone and oxycodone.
Although extremely effective, well-known side effects compromise
the therapeutic profile of these agents. b, Conolidine, pericine and
stemmadenine are rare alkaloids derived from plants used in traditional
Chinese, Ayurvedic and Thai medicine. Conolidine itself can be isolated in
just 0.00014% yield from the stem bark of T. divaricata. The low natural
abundance, established utility of T. divaricata in traditional medicine and
synthetic challenge posed by the structure of conolidine served to motivate
our pursuit of a programme to accomplish the first synthetic pathway to
conolidine and evaluate its biological properties.
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Results and discussion
At the outset of our studies, two anticipated challenges guided the
conception of a chemical pathway to this class of natural products:
(1) formation of a strained 1-azabicyclo[4.2.2]-decane and (2)
stereochemical control in the generation of the exocyclic
trisubstituted alkene.

Our retrosynthetic planning began with an examination of the
biosynthetic pathway for conversion of stemmadenine (3) to valles-
amine (5), a proposal later realized in vitro by Scott and colleagues
(Fig. 2a)6,7. Here, excision of the C5 carbon occurs by a sequence of
(1) N-oxidation, (2) fragmentation, (3) hydrolysis and (4) cycliza-
tion (through 4)8.

The ease with which cyclization takes place in this system is prob-
ably influenced by a conformational preference imparted by the
stereodefined C19–C20 (E)-ethylidene unit, thereby providing a
bias to support cyclization through 4 (Fig. 2a). With this as a
guiding principle, we speculated that conolidine (1) could derive
from iminium ion 6 through a related ring closure by means of a
conformation that would be similarly stabilized by minimization
of allylic strain (Fig. 2b)9. While providing a conformational bias
to facilitate the establishment of the 1-azabicyclo[4.2.2]-core, the
stereochemistry of this alkene was expected to impart kinetic

stability to the potentially unstable b,g-unsaturated ketone 7 (ref. 9).
The preparation of substrate 7 was then deemed possible from
allylic alcohol 8, and ultimately from the readily available pyridine 9.

As depicted in Fig. 3a, efforts commenced with commercially
available pyridine 9. Initial N-alkylation, followed by hydride
reduction, provided 8 in 57% yield. With precedent firmly estab-
lished for stereoselective Claisen rearrangement of related substrates
providing the undesired alkene isomer11,12, an unusual stereoselective
transformation of 8 was required to establish the desired alkene
geometry at C19–C20. Although our initial experiments aimed at
accomplishing such a stereoselective transformation focused on the
application of reductive cross-coupling chemistry between 8 and a
suitably functionalized alkyne13, these studies encountered unantici-
pated failure as a result of low levels of reactivity associated with the
allylic alcohol component in this class of metallacycle-mediated con-
vergent coupling reaction. We sought to identify a stereoselective
transformation suitable for the conversion of allylic alcohol 8 to a
functionalized (E)-exo-ethylidine-containing product.

With this goal in mind, we turned our attention to Still’s allyl
stannylmethyl ether-based [2,3]-Wittig rearrangement14. Whereas
few reports describe the application of this reaction to the establish-
ment of stereodefined exo-alkylidene cycloalkanes15–17, the unique
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Management of chronic pain continues to represent an area of great unmet biomedical need. Although opioid analgesics
are typically embraced as the mainstay of pharmaceutical interventions in this area, they suffer from substantial liabilities
that include addiction and tolerance, as well as depression of breathing, nausea and chronic constipation. Because of their
suboptimal therapeutic profile, the search for non-opioid analgesics to replace these well-established therapeutics is an
important pursuit. Conolidine is a rare C5-nor stemmadenine natural product recently isolated from the stem bark of
Tabernaemontana divaricata (a tropical flowering plant used in traditional Chinese, Ayurvedic and Thai medicine).
Although structurally related alkaloids have been described as opioid analgesics, no therapeutically relevant properties of
conolidine have previously been reported. Here, we describe the first de novo synthetic pathway to this exceptionally rare
C5-nor stemmadenine natural product, the first asymmetric synthesis of any member of this natural product class, and the
discovery that (+++++)-, (1)- and (2)-conolidine are potent and efficacious non-opioid analgesics in an in vivo model of tonic
and persistent pain.

The search for the next generation of therapeutics for the treat-
ment of pain continues to define an active area of scientific
pursuit. Among current pharmaceutical interventions,

opioid analgesics (i.e. Fig. 1a) represent the most widely embraced1.
Unfortunately, these agents are clinically problematic as a result of
their well-established adverse properties that include addiction, tol-
erance, depression of breathing, nausea and chronic constipation2.
Hence the identification of effective non-opioid analgesics to
replace these well-established therapeutics is widely held as an
important area of investigation. Here, we describe an interdisciplin-
ary study that has led to the discovery that a rare plant-derived
natural product, first isolated in 20043, possesses potent non-
opioid analgesic properties and is effective in alleviating chemically
induced, inflammatory and acute tonic pain. Overall, efforts have
defined the first de novo synthetic pathway to an exceptionally
rare C5-nor stemmadenine natural product, and the first asym-
metric synthesis of any natural product in this class. These advances
have fuelled the discovery that (+)-, (þ)- and (2)-conolidine are
potent non-opioid analgesics in vivo.

Tabernaemonta divaricata is a flowering tropical plant that has
been used historically in traditional Chinese, Ayurvedic and Thai
medicines, with applications spanning treatment of fever, pain,
scabies and dysentery4. The search for the medicinally relevant
components of this plant has resulted in the isolation of a vast
array of indole alkaloids that possess diverse biological profiles4.
Conolidine (1) is an exceedingly rare component of a Malayan
T. divaricata, isolated in only 0.00014% yield from the stem bark
of this small flowering plant (Fig. 1b)3. Although no biological or
medicinal properties of conolidine have been described, other
more abundant alkaloids common to this species have been impli-
cated as opioid analgesics4,5.

The molecular structure of 1 defines it as a member of the C5-
nor stemmadenine family of natural products, other members of
which have represented significant challenges to modern asym-
metric synthesis. In fact, no asymmetric synthesis of any member

of this natural product class has been described, and no robust
source of conolidine has been identified to fuel medicinal evalu-
ation. The lack of a source of 1, the scarcity of chemical approaches
suitable for the synthesis of the C5-nor stemmadenine skeleton and
the compelling drug-like molecular structure of conolidine motiv-
ated our initial chemical investigations aimed at securing ample
quantities of this rare alkaloid by synthetic means.
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Figure 1 | Opioid analgesics and stemmadenine-based alkaloids.
a, Common opioid analgesics morphine, hydrocodone and oxycodone.
Although extremely effective, well-known side effects compromise
the therapeutic profile of these agents. b, Conolidine, pericine and
stemmadenine are rare alkaloids derived from plants used in traditional
Chinese, Ayurvedic and Thai medicine. Conolidine itself can be isolated in
just 0.00014% yield from the stem bark of T. divaricata. The low natural
abundance, established utility of T. divaricata in traditional medicine and
synthetic challenge posed by the structure of conolidine served to motivate
our pursuit of a programme to accomplish the first synthetic pathway to
conolidine and evaluate its biological properties.
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Results and discussion
At the outset of our studies, two anticipated challenges guided the
conception of a chemical pathway to this class of natural products:
(1) formation of a strained 1-azabicyclo[4.2.2]-decane and (2)
stereochemical control in the generation of the exocyclic
trisubstituted alkene.

Our retrosynthetic planning began with an examination of the
biosynthetic pathway for conversion of stemmadenine (3) to valles-
amine (5), a proposal later realized in vitro by Scott and colleagues
(Fig. 2a)6,7. Here, excision of the C5 carbon occurs by a sequence of
(1) N-oxidation, (2) fragmentation, (3) hydrolysis and (4) cycliza-
tion (through 4)8.

The ease with which cyclization takes place in this system is prob-
ably influenced by a conformational preference imparted by the
stereodefined C19–C20 (E)-ethylidene unit, thereby providing a
bias to support cyclization through 4 (Fig. 2a). With this as a
guiding principle, we speculated that conolidine (1) could derive
from iminium ion 6 through a related ring closure by means of a
conformation that would be similarly stabilized by minimization
of allylic strain (Fig. 2b)9. While providing a conformational bias
to facilitate the establishment of the 1-azabicyclo[4.2.2]-core, the
stereochemistry of this alkene was expected to impart kinetic

stability to the potentially unstable b,g-unsaturated ketone 7 (ref. 9).
The preparation of substrate 7 was then deemed possible from
allylic alcohol 8, and ultimately from the readily available pyridine 9.

As depicted in Fig. 3a, efforts commenced with commercially
available pyridine 9. Initial N-alkylation, followed by hydride
reduction, provided 8 in 57% yield. With precedent firmly estab-
lished for stereoselective Claisen rearrangement of related substrates
providing the undesired alkene isomer11,12, an unusual stereoselective
transformation of 8 was required to establish the desired alkene
geometry at C19–C20. Although our initial experiments aimed at
accomplishing such a stereoselective transformation focused on the
application of reductive cross-coupling chemistry between 8 and a
suitably functionalized alkyne13, these studies encountered unantici-
pated failure as a result of low levels of reactivity associated with the
allylic alcohol component in this class of metallacycle-mediated con-
vergent coupling reaction. We sought to identify a stereoselective
transformation suitable for the conversion of allylic alcohol 8 to a
functionalized (E)-exo-ethylidine-containing product.

With this goal in mind, we turned our attention to Still’s allyl
stannylmethyl ether-based [2,3]-Wittig rearrangement14. Whereas
few reports describe the application of this reaction to the establish-
ment of stereodefined exo-alkylidene cycloalkanes15–17, the unique
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stereochemical course of this transformation in acyclic settings
suggested its potential utility in solving the problem at hand.

As illustrated in Fig. 3, allylic alcohol 8 was converted to its corre-
sponding tributylstannylmethyl ether, and subsequently exposed to
n-BuLi. The products from the [2,3]-Wittig rearrangement were gen-
erated in 76% yield (over two steps), favouring the formation of the
desired isomer 10 (10:11¼ 12:1). Oxidation to the corresponding
b,g-unsaturated aldehyde with Dess–Martin periodinane, and nucleo-
philic addition of the organolithium reagent 12, then gave a mixture of
stereoisomeric alcohols 13 that was subsequently advanced to the
cyclization substrate 7 by a simple three-step sequence.

Conversion of amino ketone 7 to its corresponding trifluoroace-
tate salt, followed by treatment with paraformaldehyde in aceto-
nitrile at 80 8C, delivered (+)-conolidine 1 in 95% yield. The
success of this process validated our proposed strategy to access
the strained azabicyclo[4.2.2] core of the C5-nor stemmadenine
family of natural products, and delivered the first synthetic sample
of conolidine by a synthesis pathway that proceeds in just nine
steps and 18% overall yield from a readily available pyridine.

Building on the successful synthesis of racemic 1, we explored the
potential of this route to accomplish the first asymmetric synthesis
of a C5-nor stemmadenine alkaloid. As illustrated in Fig. 4, resol-
ution of (+)-8 with a commercially available lipase provided opti-
cally enriched substrates (≥92% e.e.) that were advanced to (þ)-
or (2)-conolidine (≥90% e.e.) by a simple eight-step sequence.
Here, the only preparative modification required was a substitute
for the Dess–Martin oxidation used to generate the b,g-unsaturated
aldehyde en route to enantio-enriched carbinol 13. Whereas
Dess–Martin oxidation of optically active samples of 10 resulted
in inconsistent partial racemization, a modified Parikh–Doering
oxidation ensured a reproducible pathway to enantio-defined
samples of either enantiomer of conolidine.

With a concise asymmetric chemical pathway established, and
the first synthetic samples of (þ)-, (2)- and (+)-conolidine in
hand, hundreds of milligrams of synthetic material was prepared
and our attention shifted to exploring the potential analgesic prop-
erties of these substances in vivo.

Because related members of this natural product class have been
postulated to have opioid properties4,5, we assessed the efficacy of
conolidine in several nociceptive tests in C57BL/6J mice. Unlike
opioids, (þ)- and (2)-conolidine sulfate (1) do not produce antino-
ciception in the hot plate (51 8C) or in the warm water tail immer-
sion assay (49 8C) following systemic injection of 10 mg kg21,
intraperitoneally (i.p.) (Supplementary Fig. S1). However, in a
visceral pain model, the acetic acid abdominal constriction
assay18, conolidine (10, 20 mg kg21) proved to be efficacious in
preventing the acetic acid-induced writhing response (Fig. 5a).
Therefore, conolidine differs from morphine in that it does not
promote antinociception to acute thermal stimulation; however,
like morphine, and a host of known analgesics, it does suppress
the acetic acid-induced writhing response19,20.

A pain model designed to assess both acute tonic and persistent
pain responses was also used to ascertain conolidine’s analgesic effi-
cacy. The injection of a dilute formalin solution into a rodent’s paw

pad produces a biphasic pain response that is demonstrated by the
animals attending to and licking the injected paw (nocifensive beha-
viours)21. Responses to the initial phase (Phase 1) occur within
the first 10 min of formalin injection and reflect the direct chemical
action at nociceptive primary afferent nerve fibres22. Following a
brief intermediary phase (10–20 min after formalin injection) in
which no pain response occurs, a second pain response (Phase 2)
becomes evident (20–40 min after formalin injection) during
which the animal once again attends to the injected paw. This
second phase models a persistent pain state that is believed to be
due in part to injury-provoked sensitization of central nervous
system neurons and to inflammatory factors18,23,24. The application
of local anaesthetics, such as lidocaine, suppresses the first phase of
the response, whereas non-steroidal anti-inflammatory drugs are
effective in blocking the second phase. Few drugs, such as the
opioid narcotics, are effective in suppressing both phases of the
pain response18.

Using a well-characterized mouse line in this particular assay,
the sulfate salts of (+)-, (þ)- and (2)-conolidine were administered
(10 mg kg21, i.p.) 15 min before formalin (5%, 25 ml, intraplantar)
challenge20. Compared with vehicle, all three forms of conolidine
sulfate reduce the display of nocifensive behaviours in both Phase
1 (P , 0.001) and Phase 2 (P , 0.001, two-way analysis of variance
(ANOVA)) (Fig. 5b). Further, the unnatural antipode (2)-conoli-
dine is effective in a dose-dependent manner (Fig. 5c), displaying
potency similar to that shown for morphine sulfate (see Fig. 5d
and Table 1)20.

To investigate the duration of drug action, (2)-conolidine sulfate
was administered at increasing time intervals before formalin chal-
lenge. Whereas one-way ANOVA reveals no time effect for either
phase (P . 0.05), subsequent Student’s t-test analysis reveals that
although conolidine significantly attenuates the pain response com-
pared with vehicle at 15 and 30 min before injection in Phase 1, and
at 15 min before that in Phase 2, it was less efficacious when admi-
nistered 1 h before formalin challenge in Phase 1 or 30–60 min
before that in Phase 2 (Fig. 5e).

Taken together, these data demonstrate that, like opioid analge-
sics, conolidine is effective in suppressing responses to both
chemically induced and inflammation-derived pain20. Further,
pharmacokinetic measures demonstrate that conolidine is present
in the brain and plasma at relatively high concentrations during
the period of its analgesic efficacy and remains present up to 4 h
after injection (Fig. 5f)25.

To further demonstrate that conolidine differs from opioid
analgesics, pharmacological studies were performed. On the basis
of b-arrestin translocation assays, radioligand binding displacement
and G-protein coupling assays, conolidine has no affinity
for or efficacy at the m-opioid receptor, the primary target
of morphine (Supplementary Fig. S2 and Table S1). Moreover,
radioligand displacement and b-arrestin translocation studies also
demonstrate a lack of affinity or efficacy for k- and d-opioid recep-
tors (Supplementary Fig. S2a and Table S1).

In an attempt to determine the biological target of conolidine, we
subjected (+)-conolidine sulfate to screening by the Psychoactive
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synthetic pathway to any C5-nor stemmadenine. With an efficient
source of this alkaloid secured by synthetic means (nine steps,
18% overall yield), the production of sufficient quantities of the
natural product (and related antipode) was followed by the first
evaluation of this alkaloid in vivo. These combined studies have
resulted in the discovery that conolidine (1) is a potent non-
opioid analgesic that is effective at alleviating chemically induced,
acute and persistent tonic pain. Further studies in neuropathic
pain models will be undertaken to determine more widespread
therapeutic promise for the treatment of chronic pain. Finally,
although determination of the pharmacological mechanism of
action associated with the potent analgesic properties of this
alkaloid remains an area of intense current investigation, the
results of these studies mark the establishment of a chemical
foundation suitable for investigating the therapeutic potential of
this unique alkaloid as a potent non-opioid analgesic.
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Table 1 | Relative drug potencies in both phases of the
formalin test (i.p.; 95% confidence interval) from data
presented in Fig. 5c,d.

Relative potencies (ED50, mg kg21)

Drug Phase 1 Phase 2
(2)-Conolidine sulfate 5.6 (4.0–7.8) 6.0 (3.7–9.7)
Morphine sulfate 4.6 (3.3–6.4) 2.4 (1.7–3.2)
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An efficient synthesis of loline alkaloids
Mesut Cakmak, Peter Mayer and Dirk Trauner*

Loline (1) is a small alkaloid that, in spite of its simple-looking structure, has posed surprising challenges to synthetic
chemists. It has been known for more than a century and has been the subject of extensive biological investigations, but
only two total syntheses have been achieved to date. Here, we report an asymmetric total synthesis of loline that, with
less then ten steps, is remarkably short. Our synthesis incorporates a Sharpless epoxidation, a Grubbs olefin metathesis
and an unprecedented transannular aminobromination, which converts an eight-membered cyclic carbamate into a
bromopyrrolizidine. The synthesis is marked by a high degree of chemo- and stereoselectivity and gives access to several
members of the loline alkaloid family. It delivers sufficient material to support a programme aimed at studying the
complex interactions between plants, fungi, insects and bacteria brokered by loline alkaloids.

Efficiency continues to be one of the greatest challenges in total
synthesis. It can be addressed at the level of individual steps, for
example through high-yielding and atom-economic reactions1,

or at the strategic level, for example through highly step-economic
synthetic schemes2. These approaches are closely intertwined,
because new reactions allow for the redefinition of strategies, and
strategic needs often provoke the invention of new reactions.
Certain rules have emerged to maximize strategic efficiency. For
instance, protecting groups should be circumvented, or should be
cleaved in the course of strategic bond-forming operations3,4. If una-
voidable, they should at least become a part of the molecule after
they have fulfilled their defensive role. Oxidation state adjustments
that are not directed towards the final oxidation state of the target
molecule should also be avoided5. Generally, corrective measures
should be kept to a minimum. All this requires highly selective
(in particular chemo- and stereoselective) reactions, which need to
be optimally arranged to make a synthesis as short and practical
as possible.

Loline (1), a small alkaloid that has been known for decades,
represents an interesting target for testing the state of synthetic effi-
ciency (Fig. 1). It is the eponymous member of a family of
alkaloids that were initially isolated from tall fescue grasses but
were later found in many other plant families. Its congener temu-
line (2) was isolated from Lolium temulentum in 1892 and sub-
sequently renamed norloline6,7. N-Acetyl norloline (3) occurs in
Festuca arundinancea, together with several other loline members8.
Its biosynthetic derivative N-formyl loline (4) is the most abundant
loline alkaloid. N-Senecioyl norloline (5) was found in the urine
of horses, which enjoy grazing on tall fescue grass9,10. The structure
of the unusual chlorine-containing alkaloid lolidine (6) was proposed
based on mass-spectrometric data, but the compound could not be
further evaluated due to a scarcity of material11.

The loline alkaloids play a remarkable range of biological roles,
many of which are poorly understood and are still being unravelled.
Produced by endophytic fungi, these widely distributed alkaloids
appear to provide chemoprotection to their plant hosts, primarily
against certain types of insects and aphids. Although most loline
alkaloids are as toxic to these animals as nicotine, they seem to
have relatively few negative effects on mammalian herbivores,
including horses. In fact, the toxic affects occasionally associated
with tall fescue have been traced to ergot alkaloids9. Emphasizing
the interest that lolines have generated among biologists, their

biosynthesis has been investigated in detail and the gene cluster
accounting for their production has recently been cloned9.

Despite their long history and intriguing biological activities, few
successful syntheses of loline alkaloids have been reported to date.
This may be due to their strained, heterotricyclic molecular skeleton,
which incorporates polar functionalities in close proximity and
makes the lolines more challenging than they appear at first sight.
The molecules feature a pyrrolizidine and a morpholine ring
system, as well as four stereocentres, only one of which is indepen-
dent. As such, they are about as complex as oseltamivir (Tamiflu)12,
epibatidine13 or kainic acid14, which have received much attention in
the synthetic community. Loline itself has also been the subject of
several synthetic approaches, two of which were abandoned due
to an inability to introduce the secondary amine at C1 via nucleo-
philic substitution15,16. In 1986, Tufariello published a racemic syn-
thesis of the alkaloid that was based on a nitrone cycloaddition17.
This was followed 14 years later by the first, and thus far only, asym-
metric synthesis, which required 20 steps to reach the target mol-
ecule and established hetero Diels–Alder chemistry as an effective
way to synthesize complex pyrrolizidines18,19. Very recently, a
racemic synthesis of N-acetyl norloline (3) has been reported20.
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Figure 1 | Loline alkaloids. Members of the loline family of alkaloids have a
common heterotricyclic core and are distinguished by the substitution
pattern at the nitrogen in position 1.
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Results
We now report an asymmetric total synthesis of temuline (2), loline (1)
and N-formyl loline (4) (Fig. 1). It starts with epoxy alcohol 8, which is
readily available from achiral divinyl carbinol 7 through a highly
enantiotopos and diastereoface-selective Sharpless epoxidation21,22.

Nucleophilic opening of epoxide 8 with 3-butenylamine (9), fol-
lowed by in situ protection of the newly formed secondary amine as
a benzyl carbamate, yielded diene 10. This compound underwent
smooth ring-closing metathesis in the presence of a Grubbs II
catalyst. The resultant diol (11) was activated for nucleophilic sub-
stitution as cyclic sulfite (12). This ring-closing and activation
sequence could also be performed as a one-pot procedure
(see Supplementary Information). Treatment of sulfite 12 with
lithium azide then yielded azido alcohol 13 with excellent regio-
selectivity and in good yield. No products of SN2′ substitution
were observed.

In the key step of our synthesis, we treated a solution of azido
alcohol 13 in methanol with 1 equiv. of bromine at 0 8C and
obtained an excellent yield of bromopyrrolizidine hydrobromide
14 (ref. 23) (see crystal structure in Fig. 2c). Although transannular
nucleophilic substitutions have been used before in the synthesis of
pyrrolizidines, the particular combination of electrophile and
nucleophile used in this deoxycarbonylative aminobromination is
unprecedented, to the best of our knowledge.

Bromopyrrolizidine 14 requires inversion at C7 to form the
emblematic ether bridge of the loline alkaloids via a Williamson-
type nucleophilic substitution. This inversion was achieved
through a Finkelstein reaction, using LiCl in dimethyl formamide
(DMF), which gave chloropyrrolizidine 15 in good yield. Notably,
15 corresponds to the chloropyrrolizidine subunit of lolidine (6),
the most complex and structurally mysterious of the loline alkaloids.
Heating a solution of 15 in a microwave apparatus in the presence of
potassium carbonate as a base led to the smooth formation of the
ether bridge and gave azide 16 in excellent yield. Under these con-
ditions, only 5-exo-tet nucleophilic substitution occurred and no
elimination products could be observed. The Finkelstein reaction
and subsequent Williamson ether synthesis could also be carried
out as a one-step procedure, further streamlining our synthesis
(see Supplementary Information).

Azide 16 can serve as a branching point for the total synthesis of
various loline alkaloids. Simple hydrogenation gave temuline

(norloline) (2), whereas hydrogenation in the presence of di-tert-
butyl pyrocarbonate yielded N-Boc temuline 17. This compound
could be cleanly reduced with lithium aluminium hydride to finally
afford loline itself (1). Formylation of loline with acetic-formic anhy-
dride then gave N-formyl loline (4), which is of considerable biological
interest. The spectral data of all synthetic compounds corresponded to
those reported in the literature (see Supplementary Information).
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Figure 2 | Short total synthesis of loline alkaloids. a, Synthesis starts with an achiral alcohol 7 that can be easily desymmetrized to give epoxide 8 and then
diene 10. A ring-closing metathesis converts this compound into the eight-membered heterocycle 11, which is further processed to yield azidoalcohol 13.
In the key step, this compound is transformed into the bicyclic pyrrolizidine 14. Establishment of the oxygen bridge then yields an azide (16), a branching
point of the synthesis. b, Azide 16 can be converted to temuline 2 by reduction of the azide. Alternatively, reduction of the azide in the presence of di-tert-
butyldicarbonate gives the N-Boc protected compound, which can be further transformed into N-methyl compound loline 1 and N-formyl loline 4. c, X-ray
crystal structure of the key intermediate pyrrolizidine 14. AFA, acetic formic anhydride.
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Figure 3 | Mechanism of the key step. a, Electrophilic activation of 13 with
bromine affords bromonium ion 18, which presumably undergoes
transannular attack of the carbamate nitrogen to yield N-acylammonium ion
19. Subsequent cleavage by methanol affords a carbonate by-product (21)
and the pyrrolizidine core of the loline alkaloids (14). b, X-ray crystal
structure of 20, a sulfonate ester of 13, which shows that the nitrogen is
essentially in van der Waals contact with the carbon with which it eventually
forms a bond.
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diene 10. A ring-closing metathesis converts this compound into the eight-membered heterocycle 11, which is further processed to yield azidoalcohol 13.
In the key step, this compound is transformed into the bicyclic pyrrolizidine 14. Establishment of the oxygen bridge then yields an azide (16), a branching
point of the synthesis. b, Azide 16 can be converted to temuline 2 by reduction of the azide. Alternatively, reduction of the azide in the presence of di-tert-
butyldicarbonate gives the N-Boc protected compound, which can be further transformed into N-methyl compound loline 1 and N-formyl loline 4. c, X-ray
crystal structure of the key intermediate pyrrolizidine 14. AFA, acetic formic anhydride.

b

20

N
Cbz

OSO2Me

N3

N

N3
OSO2Me

O O
3.1 Å

N

N3
OH

O O
Br2

N

N3
OH

O O
Br+

Br–

13 18

19 14

O OMe

O

21

N
+

N3
OH

O O

Br

MeOH

Br–

a

HBr

OH

N3

N
H Br–

+

Figure 3 | Mechanism of the key step. a, Electrophilic activation of 13 with
bromine affords bromonium ion 18, which presumably undergoes
transannular attack of the carbamate nitrogen to yield N-acylammonium ion
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structure of 20, a sulfonate ester of 13, which shows that the nitrogen is
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elimination products could be observed. The Finkelstein reaction
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Azide 16 can serve as a branching point for the total synthesis of
various loline alkaloids. Simple hydrogenation gave temuline

(norloline) (2), whereas hydrogenation in the presence of di-tert-
butyl pyrocarbonate yielded N-Boc temuline 17. This compound
could be cleanly reduced with lithium aluminium hydride to finally
afford loline itself (1). Formylation of loline with acetic-formic anhy-
dride then gave N-formyl loline (4), which is of considerable biological
interest. The spectral data of all synthetic compounds corresponded to
those reported in the literature (see Supplementary Information).
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  regioselectivity, although toluene proved to be optimal, in which
case catalyst loading could be reduced to 10 mol% while maintain-
ing reasonable reaction times. Production of 3 was ultimately

optimized using La(OTf)3, with 91% isolated yield (91:3 regioselec-
tivity), and 4 could be obtained with Zn(OTf)2 in 76% yield (9:76
regioselectivity) (Table 1, entry 1).
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Figure 1 | Natural product remodelling using fumagillol. a, Fumagillol can be transformed into multiple chemotypes by means of a panel of related reaction
conditions. Fumagillol was obtained by hydrolysis of crude fumagillin isolated from the fermentation broth of Aspergillus fumigatus. Nucleophiles add first to
the terminal epoxide to form a common intermediate that can be diversified by further reaction under a variety of conditions b, The second epoxide ring
opening produces either an isoindole or an isoquinoline as product depending on the regioselectivity of the reaction. There is a linear correlation between the
atomic radius of the metal in the metal triflate catalyst and the observed regioselectivity. DTBMP, 2,6-di-tert-butyl-4-methylpyridine.

Table 1 | Metal triflate catalysed reactions of fumagillol with primary and secondary amines.

MeO

HO

N

OH

OH

M(OTf)n
amine 

DTBMP
toluene 
60 °C

+

6

R

H
MeO

HO
H

N

OH

HO

R

5

O

MeO

HO
OH

2

Entry Amine M(OTf)n

(reaction
conditions)

Reaction
time

% yield Entry Amine M(OTf)n

(reaction
conditions)

Reaction
time

% yield
5:65:6

1
MeO NH2

(a)
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Mg(OTf)2

§ 16 h 13:82
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La(OTf)3* 4 d 40:0 10 N
H (j)

La(OTf)3
‡

Zn(OTf)2
† 48 h 10:61 R¼ Bn

8 (75%)

*La(OTf)3 (10 mol%), DTBMP (60 mol%), amine (1.1 equiv.). †Zn(OTf)2 (10 mol%), DTBMP (60 mol%), amine (1.1 equiv.). ‡La(OTf)3 (50 mol%), DTBMP (1.5 equiv.), amine (2.0 equiv.). §Mg(OTf)2

(50 mol%), DTBMP (1.5 equiv.), amine (2.0 equiv.). DTBMP, 2,6-di-tert-butyl-4-methylpyridine; PMP, p-methoxyaniline.
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easy-to-operate methodologies and a minimization of protecting
group operations, only a small number of synthetic
transformations may be necessary, which thus increases both the
practicability and the efficiency of the total synthesis. A brief
retrosynthetic analysis is sketched in Fig. 2. With regard to the
framework construction, the Dieckmann reaction of a densely
substituted cyclohexanone III and a tandem Michael addition–
Knoevenagel condensation to give a cyclohexenone IV are key
steps that would allow quick access to the
bicyclo[3.3.1]nonatrione core II. Neither transformation had been
used for the construction of strained bicyclic ring systems, so they
needed to be elaborated within this synthetic context. The
iterative framework decorations via nucleophilic substitutions
using alkylating, allylating or acylating conditions allow for a
regioselective generation of the correct substitution pattern in
which the C7 stereocentre orchestrates the trajectory of the
incoming electrophiles to set up the stereogenic centres with the
correct relative configuration (Fig. 2).

Synthesis. Acetylacetone (6) serves as a common starting material
and was allylated in the first step using sodium hydride (NaH)
and the corresponding allylating agent R1–X (Fig. 3). This early
stage of the synthesis represents our first diversification point
(Fig. 3) and paves the way for the total synthesis of oblongifolin A
(1), which possesses a geranyl side chain, and the total synthesis
of the C7-prenylated compounds 2–5. We subjected the
corresponding allylation products directly to a deacylating aldol-type
a-methylenation using potassium carbonate (K2CO3) in an aqueous
formalin solution27. The a,b-unsaturated ketones 7 and 8 were
obtained in good yields starting from 6 and were employed in a
subsequent tandem Michael addition–Knoevenagel condensation to
give the cyclohexenone cores 9 and 10 in 86% and 89% yield,
respectively. Both a-methylenation and ring-forming condensation
are framework-constructing operations and were performed under

identical conditions independent of the structure of the starting
material. A regioselective 1,2-addition28 of methyllithium to the
diesters 9 and 10 gave rise to the corresponding methyl ketones,
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Figure 1 | Classification of PPAPs and total syntheses accomplished. Total syntheses of cis-type A and B PPAPs like, for example, garsubellin A (refs 16,17),
nemoroson20,23, ent-hyperforin22, clusianone18–21,24, plukentione25 and hyperibone K (ref. 26) have been achieved. HIV ¼ human immunodeficiency virus.
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easy-to-operate methodologies and a minimization of protecting
group operations, only a small number of synthetic
transformations may be necessary, which thus increases both the
practicability and the efficiency of the total synthesis. A brief
retrosynthetic analysis is sketched in Fig. 2. With regard to the
framework construction, the Dieckmann reaction of a densely
substituted cyclohexanone III and a tandem Michael addition–
Knoevenagel condensation to give a cyclohexenone IV are key
steps that would allow quick access to the
bicyclo[3.3.1]nonatrione core II. Neither transformation had been
used for the construction of strained bicyclic ring systems, so they
needed to be elaborated within this synthetic context. The
iterative framework decorations via nucleophilic substitutions
using alkylating, allylating or acylating conditions allow for a
regioselective generation of the correct substitution pattern in
which the C7 stereocentre orchestrates the trajectory of the
incoming electrophiles to set up the stereogenic centres with the
correct relative configuration (Fig. 2).

Synthesis. Acetylacetone (6) serves as a common starting material
and was allylated in the first step using sodium hydride (NaH)
and the corresponding allylating agent R1–X (Fig. 3). This early
stage of the synthesis represents our first diversification point
(Fig. 3) and paves the way for the total synthesis of oblongifolin A
(1), which possesses a geranyl side chain, and the total synthesis
of the C7-prenylated compounds 2–5. We subjected the
corresponding allylation products directly to a deacylating aldol-type
a-methylenation using potassium carbonate (K2CO3) in an aqueous
formalin solution27. The a,b-unsaturated ketones 7 and 8 were
obtained in good yields starting from 6 and were employed in a
subsequent tandem Michael addition–Knoevenagel condensation to
give the cyclohexenone cores 9 and 10 in 86% and 89% yield,
respectively. Both a-methylenation and ring-forming condensation
are framework-constructing operations and were performed under

identical conditions independent of the structure of the starting
material. A regioselective 1,2-addition28 of methyllithium to the
diesters 9 and 10 gave rise to the corresponding methyl ketones,
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EnanPoselecPve	
  synthesis	
  of	
  taxanes-­‐scale	
  it	
  up	
  

all feature a C2-hydroxyl group and can be further simplified to
taxa-4(5),11(12)-dien-2-one (6), dubbed ‘taxadienone’, which
represents a benchmark intermediate for comprehensive access
to the taxane family. Furthermore, if taxadiene (7) were desired,
one could simply deoxygenate 6 to generate the least oxidized
natural product in the taxane family (Fig. 1c). A full scholarly
analysis of the taxane pyramid has been described previously,
together with the merits in choosing a C2-oxidized taxane such
as 6 (ref. 33).

Strategic disconnections of 6 were built upon the landmark
syntheses of 1 (refs 11–20) and the many studies geared towards
the taxane framework35–41. Of the many possible disconnections of
the 6-8-6 tricyclic backbone, one was chosen such that (i) the
forward synthesis would be short, convergent and scalable42 and
(ii) its asymmetric synthesis would only rely on one enantioselective
reaction, after which the resulting stereochemical information could
be propagated to set all other stereocentres diastereoselectively. A
vicinal difunctionalization/Diels–Alder strategy to forge the taxane
AB ring system (see ring numbering in 2, Fig. 1a) seemed to fulfil
most of the above criteria. The Diels–Alder strategy has been used
previously in the context of taxane synthesis by Shea35, Jenkins36

and Williams37, as well as others38–41. In fact, Williams reported
the only total synthesis of (+)-taxadiene (7), in 26 steps, as long
ago as 1995 (ref. 37). Furthermore, the decision to implement a
vicinal difunctionalization strategy was underpinned by recent devel-
opments in the asymmetric formation of all-carbon quaternary
centres43,44. Thus, a concise, enantioselective strategy was conceived,

allowing for a gram-scale access to 6 in only seven steps, as well as a
gram-scale synthesis of (þ)-taxadiene (7).

Results
In the forward direction, known compounds 10 (refs 35,40,41; made
from 8 in a modified one-pot procedure; see Supplementary
Information) and 11 (ref. 45; made from 9 using a one-step pro-
cedure) were combined to generate enone 12 by means of a Lewis
acid-modified organocopper 1,6-addition (Fig. 2). This convergent
synthesis of 12 is operationally simple and provides decagram quan-
tities per reaction batch (86%; over 50 g of this material has been
synthesized to date). This enone was deemed to be a suitable sub-
strate for the enantioselective conjugate addition of Alexakis43 to
establish the quaternary centre (C8). However, this strategy was con-
tingent on the feasibility of trapping the resulting aluminium
enolate by trimethylsilyl chloride (TMSCl). Although Alexakis
noted that isolation of such silyl enol ethers is difficult due to
facile desilylation43, a modified quenching procedure involving
dilution with tetrahydrofuran (THF), addition of TMSCl, followed
by addition onto Florisil in 1:10 Et3N:hexanes, allowed the isolation
of trimethylsilyl (TMS) enol ether 14 in 89% yield and in 93% e.e.
(1.0 g scale; enantioselectivity measured for desilylated ketone 15
on chiral high-performance liquid chromatography (HPLC); see
Supplementary Information). Only 2 mol% of CuTC and 4 mol%
of chiral phosphoramidite ligand 13 were required43, and this asym-
metric reaction was routinely conducted on a gram scale (over 20 g
of this material has been synthesized to date). TMS enol ether 14
was indeed quite prone to desilylation, and formation of undesired
ketone 15 was often the sole reaction pathway when attempting
Mukaiyama aldol reactions46 with commonly used Lewis acids
(such as TiCl4, SnCl4, Sn(OTf)2, Sc(OTf)3, BF3

.OEt2, TMSOTf,
ZnCl2 or MgBr2

.OEt2) or other catalysts (such as LiClO4,
Zr(OtBu)4, Bi(OTf)3, AgOTf or SiCl4), even when performed
under strictly anhydrous conditions. Surprisingly, water was
found to be the enabling additive that allowed for an aldol
reaction with acrolein. Gratifyingly, Kobayashi conditions47 with
Gd(OTf)3 in 1:10:4 H2O:EtOH:PhMe generated the corresponding
aldol product smoothly as a 2:1 mixture of diastereomers that are
isomeric at C3. This aldol product was then oxidized in the same
reaction pot with Jones’ reagent to generate keto-enone 16 in 85%
over two steps (3.2 g scale, 2:1 ratio of diastereomers at C3; this inse-
parable mixture of stereoisomers was carried onwards for the
ensuing step). A Diels–Alder reaction to generate the 6-8-6 tricyclic
skeleton has previously been demonstrated on similar systems35–37,
and mixture 16 reacted predictably with BF3

.OEt2 to furnish
tricyclic compound 17 (2.3 g scale). The desired diketone 17 was
obtained in 47% yield, together with its diastereomer (see
Supplementary Information) in 29% yield, with complete diaster-
eoselectivity at C1. These cyclized diketones displayed very different
polarities and were thus easily separated by silica gel chromato-
graphy at this stage. Only one more carbon remained to be installed
to complete the taxane framework: this was achieved via enol triflate
formation followed by Negishi coupling to generate taxadienone (6)
in 84% over two steps (2.4 g scale). This material solidified
quite readily, and single-crystal X-ray analysis confirmed both the
absolute and relative stereochemistry of the synthesized ABC
ring system. This lowly oxidized core is the key intermediate for
our future research efforts to elaborate the taxane pyramid. In
summary, the total synthesis of (þ)-taxadienone (6) was achieved
in a total of 8 steps, with a longest linear sequence of 7 steps. A
few grams of taxadienone (6) could be synthesized by one chemist
over the course of 7 days, with an overall yield of 18% from 8 or
20% from 9.

With the key taxane 6 secured in gram quantities, taxadiene (7)
was then targeted, primarily as a means of spectroscopic comparison
to previously reported data, but also to demonstrate the feasibility
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because reaction first occurred at the less hindered C14, even when a
large tert-butyldiphenylsilyl group was appended at C14. After
many more strategic revisions and success in forming the required
C2–C3 bond from TMS enol ether 14 using Gd(OTf)3, the final
synthetic strategy depicted in Fig. 2 was realized.

Tactically, although quite efficient at present, most steps shown
in Fig. 2 were initially difficult to scale and suffered from low and
inconsistent yields. Even the first transformation from 8 to 10
(Fig. 2) was not trivial, despite it being a known two-step transform-
ation35,40,41. Modifying the reaction stoichiometry and reaction
times was necessary to coax this process into giving good yields
consistently on a decagram scale, with eventual success as a one-
pot operation. The second transformation, a merging of the two
similar-sized fragments 10 and 11, can be conducted in good
yields (86%) on a decagram scale, but initially this reaction was
plagued with inconsistent yields due to side-product formation:
the original reaction conditions of tert-butyllithium, BF3

.OEt2 and
CuI resulted in 1,6-addition of tert-butyllithium (whereas sec-butyl-
lithium is not a very competent nucleophile for this reaction), iodi-
nation of 12 (whereas the use of CuBr.SMe2 circumvents this
problem), and deconjugation of 12 to give a b,g-unsaturated
ketone (this problem was rectified by optimizing the work-up
procedure; see Supplementary Information). The third, asymme-
try-inducing step43 from 12 to 14 was straightforward when run
on a small scale (,100 mg) and delivered high enantioselectivity
with 0.5 mol% CuTC and 1 mol% ligand loading. However, on
increasing the reaction scale to a gram scale, the reaction conversion
suffered significantly. Eventually, a higher catalyst loading (2 mol%
CuTC and 4 mol% ligand) and precise temperature control allowed
this reaction to give reliable yields and consistent enantioselectivity
on a gram scale. Also worth mentioning is a modified quenching
procedure that was developed to address the troublesome TMS
trapping of the aluminium enolate43 (vide supra).

The fourth and the most difficult reaction was the aldol reaction
of 14 and acrolein, which only returned desilylated ketone 15 under
most reaction conditions. A variety of Lewis acid-mediated reactions
(vide supra), as well as anionic silicon–metal exchange reactions,
never led to the desired product. This aldol reaction only proceeded
when lanthanide triflates such as Yb(OTf)3 or Gd(OTf)3 and very
specific solvent systems were used. The final challenge was a scalable
Diels–Alder reaction from 16 to 17, which has been known to
proceed in moderate yields on similar substrates35–37. Although
efficient on a small scale, the yield decreased when the reaction
was conducted on a gram scale, possibly due to the formation of

oligomers and polymers. This problem was solved using high
dilution conditions (running the reaction at !0.01 M) and by
the slow addition of substrate 16 to the Lewis acid solution (see
Supplementary Information).

Developing a scalable route to the taxane core involved the study
and modification of fundamental aspects of the described chemistry,
rather than a mere exercise in scaling up. The conciseness of the
synthetic route is a direct result of trying to achieve a scalable
synthesis, and the reliability of the yields attests to the small
variability of reactions run on a larger scale50.

Despite the efficiency of the described approach, there are two
obvious limitations in the synthesis of taxadienone (6): (i) the
single functional group manipulation from cyclized diketone 17 to
the corresponding enol triflate (rendering the route 85% rather
than 100% ideal)42 and (ii) the 2:1 diastereoselectivity in the aldol
reaction of 14 and acrolein. These issues are currently being
addressed by (i) developing a scalable, one-step enol triflation/
methyl coupling reaction and (ii) generating creative acrolein
equivalents and/or reaction conditions with various additives to
increase the diastereoselectivity of the aldol step.

In summary, a scalable, enantioselective entry to the taxane
family of natural products was achieved in only seven steps from
commercially available starting material (18–20% overall yield).
This triply convergent approach to taxa-4(5),11(12)-dien-2-one
(6) allowed for a minimization of concession steps, in which 6 of
7 steps formed skeletal (C–C) bonds. Every one of these steps
was performed on a gram scale, attesting to the scalability and
robustness of the sequence. Furthermore, (þ)-taxadiene (7) was
synthesized, enabling further structural confirmation, as well as
the first optical rotation determination of this natural product.
The simple chemical route to (þ)-7 nicely complements the
recent pioneering studies of Stephanopoulos and co-workers22,
whose bioengineering strategy also delivers gram-scale quantities
of (þ)-7, albeit as a 9:1 mixture of olefin isomers (taxa-
4(5),11(12)-diene (7) and taxa-4(20),11(12)-diene) (see
Supplementary Information). Studies are currently under way to
make use of the existing functional group handles in 6 to oxidize
various sites on the taxane skeleton and to create a pyramid-like
library of unnatural and natural taxanes en route to Taxol (1).
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of a large-scale laboratory production of enantioenriched 7.
Furthermore, taxadiene (7) is produced in negligible amounts in
nature (less than 1 mg can be obtained from 750 kg of tree bark
from T. brevifolia)34 and therefore its optical rotation has never been
recorded. To this end, a three-step deoxygenation sequence48 was
performed in 52% yield overall on a gram scale (Fig. 3), to generate
(þ)-7, which was spectroscopically indistinguishable from natural
7 (ref. 34), previously synthesized (+)-7 (ref. 37) and bioengineered
(þ)-7 (ref. 22). The optical rotation of [a]D (CHCl3)¼þ1658 (c¼ 1.0)
is reported herein for the first time and is comparable to that
obtained for a bioengineered sample of (þ)-7 (see Supplementary
Information). This represents the largest quantity of pure (þ)-7
isolated to date.

Discussion
In retrospect, the forward synthesis of (þ)-taxadienone (6) appears
to be rather simple and perhaps intuitive; however, in practice, this
optimized approach required many rounds of strategic and tactical
revision21. Strategically, the retrosynthesis designed in Fig. 1c was
one of many that were considered at the outset. A small snapshot
of the many evaluated blueprints is presented in Fig. 4. For
example, the known difficulties in forming the 6-8-6 tricyclic frame-
work of taxanes11–20 led us to first consider a ring-closing metathesis
(RCM) strategy to close the central 8-membered ring (disconnec-
tion A). However, the realization that the required substrate 18
would take many steps to build, and the fact that the stereocentres
at C1 and C8 would have to be formed with two separate enantio-
selective reactions, dissuaded us from pursuing this route. An
aldol route was then conceived, partly due to the facile formation
of 19 via ketone 15 (disconnection B). Although installation of
the stereocentres at C1 and C8 might still require two independent
enantioselective transformations, the hope was that the reaction
conditions used for the aldol cyclization would concomitantly

epimerize the C1 stereocentre into the desired configuration.
However, despite a plethora of attempted experiments, the desired
cyclization from 19 did not proceed. Thereafter, strategies involving
closure of the AB ring by a Diels–Alder reaction were envisioned.
One attempt involved the formation of ketone 20 by a sequence
involving a coupling of the enolate of 2,6-dimethylcyclohexanone
and a primary alkyl bromide, a Shapiro reaction onto acrolein,
oxidation and Diels–Alder (disconnection C), much akin to the
transformation from 14 to 17 (Fig. 2). However, ketone 20
already required many steps to construct, and the stereocentre at
C8 was challenging to control, despite existing methods in asym-
metric enolate alkylation49. Finally, enones 21 were considered as
viable intermediates in the formation of 6 (disconnection D) due
to our initial difficulties in forging the C2–C3 bond via the
Mukaiyama aldol reaction (vide supra). Although enones 21 were
formed in short order and already contained all but one carbon of
the taxane framework, they did not undergo [4þ 2] cyclization,
probably due to the rigidity of the sp2 carbons at C3 and C8.
Furthermore, a methyl 1,4-addition at C8 was not possible,
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Figure 2 | Enantioselective synthesis of key taxane 6. Conditions: a. 2,3-dimethyl-2-butene, CHBr3, potassium tert-butoxide, hexanes, 2 h; evaporate volatile
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of a large-scale laboratory production of enantioenriched 7.
Furthermore, taxadiene (7) is produced in negligible amounts in
nature (less than 1 mg can be obtained from 750 kg of tree bark
from T. brevifolia)34 and therefore its optical rotation has never been
recorded. To this end, a three-step deoxygenation sequence48 was
performed in 52% yield overall on a gram scale (Fig. 3), to generate
(þ)-7, which was spectroscopically indistinguishable from natural
7 (ref. 34), previously synthesized (+)-7 (ref. 37) and bioengineered
(þ)-7 (ref. 22). The optical rotation of [a]D (CHCl3)¼þ1658 (c¼ 1.0)
is reported herein for the first time and is comparable to that
obtained for a bioengineered sample of (þ)-7 (see Supplementary
Information). This represents the largest quantity of pure (þ)-7
isolated to date.

Discussion
In retrospect, the forward synthesis of (þ)-taxadienone (6) appears
to be rather simple and perhaps intuitive; however, in practice, this
optimized approach required many rounds of strategic and tactical
revision21. Strategically, the retrosynthesis designed in Fig. 1c was
one of many that were considered at the outset. A small snapshot
of the many evaluated blueprints is presented in Fig. 4. For
example, the known difficulties in forming the 6-8-6 tricyclic frame-
work of taxanes11–20 led us to first consider a ring-closing metathesis
(RCM) strategy to close the central 8-membered ring (disconnec-
tion A). However, the realization that the required substrate 18
would take many steps to build, and the fact that the stereocentres
at C1 and C8 would have to be formed with two separate enantio-
selective reactions, dissuaded us from pursuing this route. An
aldol route was then conceived, partly due to the facile formation
of 19 via ketone 15 (disconnection B). Although installation of
the stereocentres at C1 and C8 might still require two independent
enantioselective transformations, the hope was that the reaction
conditions used for the aldol cyclization would concomitantly

epimerize the C1 stereocentre into the desired configuration.
However, despite a plethora of attempted experiments, the desired
cyclization from 19 did not proceed. Thereafter, strategies involving
closure of the AB ring by a Diels–Alder reaction were envisioned.
One attempt involved the formation of ketone 20 by a sequence
involving a coupling of the enolate of 2,6-dimethylcyclohexanone
and a primary alkyl bromide, a Shapiro reaction onto acrolein,
oxidation and Diels–Alder (disconnection C), much akin to the
transformation from 14 to 17 (Fig. 2). However, ketone 20
already required many steps to construct, and the stereocentre at
C8 was challenging to control, despite existing methods in asym-
metric enolate alkylation49. Finally, enones 21 were considered as
viable intermediates in the formation of 6 (disconnection D) due
to our initial difficulties in forging the C2–C3 bond via the
Mukaiyama aldol reaction (vide supra). Although enones 21 were
formed in short order and already contained all but one carbon of
the taxane framework, they did not undergo [4þ 2] cyclization,
probably due to the rigidity of the sp2 carbons at C3 and C8.
Furthermore, a methyl 1,4-addition at C8 was not possible,
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b. 10, sec-butyllithium, Et2O, –78 8C, 15 min; then CuBr.SMe2, 30 min; then TMSCl, 5 min; then 11, 2 h; warm to room temperature, 8 h; then AcOH, 30 min;
then 3 M HCl, 30 min (86%); c. CuTC (2 mol%), phosphoramidite 13 (4 mol%), Et2O, room temperature, 30 min; then 2.0 M Me3Al, enone 12, –30 8C,
24 h; then THF, TMSCl, 0 8C to room temperature, 8 h; then Et3N, Florisil, 2 h (89%, 93% e.e.); d. Gd(OTf)3 (10 mol%), acrolein, 1:10:4 H2O:EtOH:PhMe,
4 8C, 24 h; then evaporate volatiles, then Jones’ reagent, acetone, 10 min (85% over two steps, 2:1 d.r. at C3, inseparable mixture of diastereomers); e.
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Figure 3 | Elaboration of (1)-taxadienone (6) to (1)-taxadiene (7) by a
three-step reduction–deoxygenation sequence. Conditions: a. LiAlH4

(3.0 equiv.), Et2O, –78 8C to room temperature, 12 h (72 %); b. KH
(7 equiv.), acetyl chloride (4 equiv.), THF, 60 8C, 18 h (89%); c. Na
(18 equiv.), Et2O, HMPA, tBuOH, room temperature, 40 min (82%)48. Sites
of oxidation installed onto taxadiene (7) are indicated in red.
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resistance, which provides the impetus to develop a practical synthesis
of this agent to facilitate detailed SAR studies and elucidate the mech-
anism of action.

We envisioned that the macrodiolide could be prepared by
sequential formation of the ester groups using the aforementioned
salicylate switch to modulate the reactivity of the esters (Fig. 1d).
A potential problem with this strategy lies in the opportunity for
competitive intramolecular cyclization of the dimeric seco-acid to
provide the macrolide. For example, the attempted double Suzuki
dimerization to form the macrodiolide favours intramolecular
cyclization to provide the macrolide17. We envisioned that a
syn-1,3-dioxane would provide a conformational lock19 to enforce
the linear chain conformation of the monomer and thereby suppress
their intramolecular cyclization. The monomeric seco-acid would in
turn be readily derived from a triply convergent assembly of the
protected anti,anti-1,3,5-triol 4 with the syn-1,3-dioxane 5 followed
by homologation and coupling with the dienyl phosphonate 6 using
cross metathesis and olefination reactions.

Results and discussion
The differentially protected anti,anti-1,3,5-triol 4 was prepared in
51% overall yield using the six-step sequence outlined in Fig. 2a.
Regioselective ring opening of enantiomerically enriched epoxide

7 with the lithium anion of 1,3-dithiane 8, followed by in situ
protection of the resulting secondary alkoxide with methoxymethyl
chloride furnished the monosubstituted dithiane in quantitative yield.
The lithium anion of the dithiane20 was preformed and treated with
(R)-(–)-epichlorohydrin 9 to initiate ring opening/closure, followed
by treatment of the terminal epoxide with vinyl magnesium
bromide in the presence of copper iodide to afford the homoallylic
alcohol 10 in 77% yield (2 steps). Protection of the homoallylic
alcohol 10 as the methoxymethyl ether and removal of the dithiane
with iodine buffered with sodium hydrogen carbonate furnished
acyclic ketone 11 in 75% overall yield (2 steps). Stereoselective
reduction of 11 using samarium diiodide under Keck conditions21

furnished the secondary alcohol (diastereoselectivity ≥ 19:1 by
NMR), which was protected as the tert-butyldimethylsilyl ether in
88% overall yield (two steps) to complete the synthesis of the
differentially protected anti,anti-1,3,5-triol 4.

Figure 2b outlines the five-step sequence used for the construc-
tion of the 1,3-dioxane fragment 5 from commercially available 1-
O-methyl-2-deoxy-D-ribose 12. Iodination of the primary alcohol
in 12 followed by protection of the secondary alcohol with a triethy-
silyl group furnished the iodofuranoside 13 in 73% yield. Vasella
fragmentation22 of the primary alkyl iodide 13 with zinc powder
afforded the corresponding aldehyde, which was immediately
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subjected to a Wittig olefination to provide the a,b-unsaturated
ketone 14 in 77% overall yield (E/Z ≥ 19:1). The synthesis of the
syn-1,3-dioxane 5 was completed in a highly stereoselective
manner (diastereoselectivity ≥ 19:1) from the d-triethylsilyloxy
a,b-unsaturated ketone 14, using a novel bismuth-mediated two-com-
ponent hemiacetal/oxa-conjugate addition reaction with acetaldehyde23.

The dienyl phosphonate 6 was prepared from Zincke aldehyde
15 using the five-step sequence outlined in Fig. 2c. Stannylation24

and reduction of the conjugated aldehyde in 15 furnished the dienyl
stannane 16 with ≥19:1 E/Z selectivity. Stille cross-coupling of the
dienyl stannane 16 with the known aryl triflate 1725 provided
dienyl salicylate 18 in 94% yield. Finally, bromination of primary
alcohol 18 followed by an Arbuzov reaction with trimethyl

phosphite furnished the dienyl phosphonate in 64% overall yield
(two steps).

Figure 3 outlines the fragment coupling sequence to provide
the monomeric precursor to demonstrate the dimerization strategy.
Cross metathesis26 of the olefins, 4 and 5, with Hoveyda–Grubbs II cat-
alyst furnished 19 in 80% yield, favouring the E-isomer (E/Z ≥ 19:1).
Although the Horner–Wadsworth–Emmons homologation of methyl
ketone 19 provided the a,b-unsaturated esters 20a/20b with modest
selectivity (E/Z¼ 3:1), the isomers were readily separable by
column chromatography and the Z-isomer 20b recycled by the follow-
ing two-step sequence27. Treatment of the a,b-unsaturated ester 20b
with the anion of 4-methoxybenzenethiol followed by the oxidation
of the resulting sulfide to the sulfoxide and syn-elimination, furnished
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20a/20b in 84% overall yield and with 1.3:1 E/Z selectivity. This
enabled the preparation of a,b-unsaturated ester 20a in 76%
overall yield after recycling the Z-isomer 20b twice. Reduction of
the a,b-unsaturated ester 20a with diisobutylaluminium hydride,
followed by oxidation of the allylic alcohol with tetrapropylammo-
nium perruthenate (TPAP)28, afforded the a,b-unsaturated alde-
hyde, which was subjected to fragment coupling with dienyl
phosphonate 6 to provide the differentially protected monomer
21 in 88% overall yield for three steps, with ≥19:1 E/Z geometry.

In accord with our hypothesis, we envisioned that the salicylate
would attenuate the reactivity of the esters and thereby facilitate the
transesterification of 21 with 22 to provide dimeric ester 23 (Fig. 4).
In practice, the salicylate esters were differentiated via a two-step
sequence, which involved the removal of the tert-butyldimethylsilyl
ether in 21 with ammonium fluoride buffered tetrabutylammonium
fluoride and transesterification of the salicylic acid acetonide29

with 2-(trimethylsilyl)ethanol, to provide the deactivated
monomer 22 in 81% overall yield. The differentiation in reactivity
is evident from a comparison of the infrared stretch for the two
esters (Dn¼ 77 cm21), which provided the impetus to test the
hypothesis for the phenoxide as outlined earlier. Gratifyingly,
treatment of electrophilic monomer 21 with the dianion of the deac-
tivated monomer 22 furnished the dimeric ester 23 in 82% overall
yield. Interestingly, the removal of the tert-butyldimethylsilyl
group from 21 provided the corresponding secondary alcohol,
which undergoes base-mediated decomposition under analogous
conditions. This is in sharp contrast to the deactivated ester 22,
which is stable to strong base, confirming the necessity to deactivate
the salicylate ester of the pronucleophile for acylation.

Figure 5 outlines the completion of the total synthesis of (þ)-mar-
inomycin A (1). Protection of the deactivated phenols in the dimeric
ester 23 as methoxymethyl ethers furnished the bis-MOM aryl ether
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Synthesis of highly strained terpenes by non-stop
tail-to-head polycyclization
Sergey V. Pronin and Ryan A. Shenvi*

Non-stop carbocationic polycyclizations of isoprenoids have been called the most complex chemical reactions occurring in
nature. We describe a strategy for the initiation of tail-to-head polycyclization that relies on the sequestration of the
counteranion away from the carbocation, which allows full propagation of the cationic charge. If the anion is mobile,
Coulombic forces hold this species in close proximity to the carbocation and cause preemptive termination through
elimination. Anion sequestration is crucial for effecting the biomimetic synthesis of complex and unstable terpenes,
including the highly strained funebrenes. This study illustrates the deleterious role of the counterion in tail-to-head
carbocationic polycyclization reactions, which to the best of our knowledge has not been rigorously explored. These
observations are also expected to find use in the design and control of cationic polycyclization along biosynthetic
pathways that have previously been inaccessible in bulk solvent.

For decades, chemists have been fascinated by the manipulation
of carbocationic charge that occurs during the course of terpene
biosynthesis1–5. The biosynthetic pathways of terpenes can be

broadly categorized into two major branches, which differ in the
direction of charge propagation along the polyisoprene chain. The
first branch, comprising the head-to-tail (HT) cyclization
pathway6,7, involves electrophilic activation of a terminal prenyl
unit (head) and gives rise to the steroids, non-steroidal triterpenes
and other poly-decalin frameworks8 (Fig. 1a). The second, the
tail-to-head (TH) pathway9, is initiated by ionization of an allylic
pyrophosphate (tail) and results in diverse polycyclic frameworks
such as funebrene (1a), cumacrene (2) and taxadiene (Fig. 1b).
Interrogation of the mechanisms of the two pathways is not straight-
forward and is the focus of considerable research and debate10,11.
Although the fundamentals of HT polycyclization have been eluci-
dated by studying these polycyclizations in bulk solvent12–17, TH
polycyclizations have remained relatively unexplored.

Here, we show the first biomimetic cationic polycyclization along
a TH biosynthetic pathway. The success of these polycyclizations
relies on a counteranion sequestration strategy similar to that occur-
ring in cyclase enzymes. As an initial proof of principle, we also
report the first total syntheses of the strained funebrene and
cumacrene terpenes.

Mimicry of TH polycyclizations using non-enzymatic methods
has proven challenging. Unlike HT cascades, the pathways of TH
polycyclizations contain multiple branch points and lead to numer-
ous skeletons in low yields, or they terminate with the formation of
only a single ring. Within the sesquiterpene family, cyclization of
farnesyl or nerolidyl derivatives to a six-membered ring (bisabolene
skeleton) has been extensively investigated in bulk solvent18–22, but
the charge has never been shown to propagate beyond these
initial monocycles (Fig. 2a). Subsequent cyclizations require either
strained ring formation, anti-Markovnikov alkene addition or inter-
mediate Wagner–Meerwein rearrangement, none of which has
proven to be facile, and therefore quenching of the resultant
cation via elimination (E1) or anion capture (SN1) occurs before
any subsequent rings are formed. To circumvent this problem,
strong acid can be used to reprotonate unsaturated bisabolene inter-
mediates (3) and access natural terpenes such as a-cedrene and

2-epi-a-cedrene (4a,b, Fig. 2a)20,23, but these protonation conditions
are non-selective, low yielding and lead to complex mixtures of
various skeletal types (Fig. 3). Cryogenic protonation of polyenes
with super-acid delivers a novel series of thermodynamically
stable carbocycles, but these structures are not relevant to biosyn-
thetic pathways24,25. Naturally occurring strained terpenes (for
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ring in cyclase enzymes. As an initial proof of principle, we also
report the first total syntheses of the strained funebrene and
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including the highly strained funebrenes. This study illustrates the deleterious role of the counterion in tail-to-head
carbocationic polycyclization reactions, which to the best of our knowledge has not been rigorously explored. These
observations are also expected to find use in the design and control of cationic polycyclization along biosynthetic
pathways that have previously been inaccessible in bulk solvent.

For decades, chemists have been fascinated by the manipulation
of carbocationic charge that occurs during the course of terpene
biosynthesis1–5. The biosynthetic pathways of terpenes can be

broadly categorized into two major branches, which differ in the
direction of charge propagation along the polyisoprene chain. The
first branch, comprising the head-to-tail (HT) cyclization
pathway6,7, involves electrophilic activation of a terminal prenyl
unit (head) and gives rise to the steroids, non-steroidal triterpenes
and other poly-decalin frameworks8 (Fig. 1a). The second, the
tail-to-head (TH) pathway9, is initiated by ionization of an allylic
pyrophosphate (tail) and results in diverse polycyclic frameworks
such as funebrene (1a), cumacrene (2) and taxadiene (Fig. 1b).
Interrogation of the mechanisms of the two pathways is not straight-
forward and is the focus of considerable research and debate10,11.
Although the fundamentals of HT polycyclization have been eluci-
dated by studying these polycyclizations in bulk solvent12–17, TH
polycyclizations have remained relatively unexplored.

Here, we show the first biomimetic cationic polycyclization along
a TH biosynthetic pathway. The success of these polycyclizations
relies on a counteranion sequestration strategy similar to that occur-
ring in cyclase enzymes. As an initial proof of principle, we also
report the first total syntheses of the strained funebrene and
cumacrene terpenes.

Mimicry of TH polycyclizations using non-enzymatic methods
has proven challenging. Unlike HT cascades, the pathways of TH
polycyclizations contain multiple branch points and lead to numer-
ous skeletons in low yields, or they terminate with the formation of
only a single ring. Within the sesquiterpene family, cyclization of
farnesyl or nerolidyl derivatives to a six-membered ring (bisabolene
skeleton) has been extensively investigated in bulk solvent18–22, but
the charge has never been shown to propagate beyond these
initial monocycles (Fig. 2a). Subsequent cyclizations require either
strained ring formation, anti-Markovnikov alkene addition or inter-
mediate Wagner–Meerwein rearrangement, none of which has
proven to be facile, and therefore quenching of the resultant
cation via elimination (E1) or anion capture (SN1) occurs before
any subsequent rings are formed. To circumvent this problem,
strong acid can be used to reprotonate unsaturated bisabolene inter-
mediates (3) and access natural terpenes such as a-cedrene and

2-epi-a-cedrene (4a,b, Fig. 2a)20,23, but these protonation conditions
are non-selective, low yielding and lead to complex mixtures of
various skeletal types (Fig. 3). Cryogenic protonation of polyenes
with super-acid delivers a novel series of thermodynamically
stable carbocycles, but these structures are not relevant to biosyn-
thetic pathways24,25. Naturally occurring strained terpenes (for
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example, 1a or 2) have not been observed in any earlier studies and
we show that they cannot be formed using this iterative
protonation strategy.

In contrast, cyclase enzymes allow propagation of cationic charge
without elimination (E1) or capture (SN1) through multiple ring
formations and rearrangements. This non-stop propagation is
difficult to achieve in bulk solvent because Coulombic forces
hold the counteranion in close proximity to the intermediate
carbocation. Because the Hammett acidity (H0) of unstabilized
carbocations is close to 217, E1 elimination is rapid with most
counteranions26 including triflate (see below). Cyclase enzymes
ionize their isoprenyl pyrophosphate substrate with a trinuclear
metal complex that is immobilized relative to the changing position
of the carbocation (5), and proton transfer to the basic phosphate
oxygens cannot occur3,27.

We reasoned that a similar anion sequestration could be achieved
using a Lewis acid with non-dissociating ligands, which might
prevent preemptive proton transfer and allow other reaction paths
to predominate. Charge-separated species 6 could be derived from
the Lewis acid-mediated ionization of a vinyl epoxide mimic of ner-
olidol (7). Because the carbocation and Lewis base are distal to one
another in 6, we expected proton transfer to be retarded relative to
Wagner–Meerwein rearrangement or ring closure. In principle, this
aprotic polycyclization would allow the synthesis of acid-sensitive
terpenes that are inaccessible to an iterative protonation strategy.

Results and discussion
Comparison of polycyclization strategies. To evaluate this
hypothesis, a reinvestigation of previous TH cyclizations was
undertaken to establish a benchmark in efficiency and product
distributions, because the primary experimental data were not
available. Ohta and Hirose were the first to demonstrate that
complex mixtures of polycyclic sesquiterpenes could be formed in
bulk solvent by ionization of farnesol with BF3

.Et2O (Fig. 3, Trace
A)20. The products observed in this reaction include a-cedrene
and 2-epi-a-cedrene, which each occur in 6% yield, relative to
total integration of volatiles, and not accounting for non-volatile
polymers. These tricyclic skeletons are highlighted in Traces A–D.
However, these products appear to arise not by non-stop
processes, but by iterative protonations of unsaturated
intermediates, because treatment of bisabolenes with H2O.BF3,
which is initially formed in the previous reaction, promotes the
formation of polycycles, including cedrenes (Trace B). Andersen
and Syrdal reported very similar cyclizations of nerolidol using

trifluoroacetic acid (TFA) in n-decane23. This report recognized
the intermediacy of g-bisabolene (via b-bisabolene), and no
spectra were published. Careful reproduction of the Andersen
conditions provides a mixture of terpenes similar to those
observed in Ohta’s study, including a-cedrene and 2-epi-a-
cederene (Trace C), which occur in 6% yield each relative to
volatiles. In both of these examples, proton transfer terminates the
cyclization after formation of a single ring (the bisabolyl cation),
and non-selective reprotonation of polyene intermediates leads to
mixtures of mono-, bi- and tricyclic products.

The ability of a non-dissociating anion to prevent E1 elimination
of the bisabolyl cation was tested by ionization of vinyl epoxide 7,
which was synthesized in a short, scalable four-step sequence
(shown in Fig. 6). The epoxide function is an effective initiator of
cationic HT polycyclization, particularly when used in combination
with aluminium Lewis acids28, and we also found that aluminium
Lewis acids were superior to other reagents (Table 1, Fig. 3) for
TH polycyclization. In addition to gas chromatography (GC)
analysis, we found that the ratios of the integrals of aldehydic
protons (d 9.55–9.35 ppm) to integrals of methylene groups of
allylic alcohol products (d 4.00–3.70 ppm) in crude 1H NMR
spectra were effective in assessing the relative efficiency of a
polycyclization reaction with respect to the production of a
cedrene/funebrene carbon framework. Entries with low ratios
(entries 2–6, 8, 11, Table 1) also exhibited a high content of
allylic methyl peaks, indicating the formation of acyclic or
monocyclic products. Utilization of alkyl aluminium chlorides in
dichloromethane as solvent (entries 9, 10) delivered the highest
relative content of tricyclic aldehydes, and these reagents were
further investigated on a preparative scale. A mixture of MeAlCl2
and Me2AlCl provided the best overall yield of compounds with a
cedrene/funebrene carbon framework (entry 14). Increasing the
substrate concentration proved detrimental to the reaction (entries
12 and 13), and a single-digit millimolar range was found to be
optimal with respect to both operational convenience and yield.

As shown in Trace D (Fig. 3), a modest mechanistic adjustment
of anion sequestration causes a dramatic change in the distribution
of terpenes produced (the cedrene/funebrene skeleton is high-
lighted). Ionization of 7 at low temperature with several Lewis
acids yielded varying amounts of polycyclic products, but, remark-
ably, no monocyclic products were observed by GC. After extensive
analysis, we found that aluminium Lewis acids (for example, entry
14, Table 1) maximized the production of a single scaffold—the
cedrene/funebrene skeleton (highlighted in Trace D)—which
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twice with n-BuLi.TMEDA and monoalkylated with geranyl
bromide to give alcohol 18. Chemoselective epoxidation was
effected by vanadyl acetylacetonate to provide 19. Oxidation of
the alcohol function using Swern conditions produced an aldehyde
that could be converted to vinyl epoxide 7 using a phosphonium
ylide. It was important to generate this ylide using a sodium
amide base, because more Lewis-acidic alkali cations such as
lithium appeared to decompose the acid-sensitive product.
The aldehydes from the polycyclization of 7 were reduced with
lithium aluminium hydride, and the corresponding alcohols were
eliminated using Grieco’s protocol, yielding a 2:1 mixture of
cedrenes 20a,b and funebrenes 1a,b, which are separable by
SiO2/AgNO3 chromatography.

As observed previously, the b-funebrenes can be isomerized34

into a-funebrenes 21a,b with dilute acid, in this case 0.05 M
TFA. According to our calculations, a-funebrene is destabilized
by 15.5 kcal mol21 relative to the diastereomeric a-cedrene (see
Supplementary Information). As a result, we have found that
21a,b will undergo rapid decomposition under mildly acidic con-
ditions (0.5 M TFA, PhH, 22 8C; t1/2 , 3 min), whereas the
cedrenes are stable for 72 h under the same conditions.
Therefore, the strongly Brønsted acidic conditions previously
used for iterative TH cyclizations cannot produce the funebrenes,
and indeed they were not reported in these earlier studies.
Formation of the funebrene skeleton from the corresponding
b-acorenyl cation puts to rest the 50-year-old question first

Table 1 | Screen of Lewis acids that promote non-stop TH polycyclizations.

O

O

Lewis acid

Solvent,
temperature

7 8–10

Entry Lewis acid Solvent, temperature (88888C) C, mM Ratio of aldehydes to alcohols† Isolated yield (%)
1 TfOH CH2Cl2, 278 1 Alcohols only ND
2 TiCl4 CH2Cl2, 278 1 1:11.6 ND
3 TiCl3(Oi-Pr) CH2Cl2, 278 1 1:12.7 ND
4 TiCl3(Oi-Pr)* CH2Cl2, 278 1 1:10.0 ND
5 SnCl4 CH2Cl2, 278 1 1:7.0 ND
6 SnCl4 C6H14, 278 1 1:15.0 ND
7 SiCl4 CH2Cl2, 278 1 Alcohols only ND
8 Sc(OTf)3 CH2Cl2, 278 1 1:9.8 ND
9 EtAlCl2 CH2Cl2, 278 1 1:3.1 ND
10 EtAlCl2/Me2AlCl CH2Cl2, 278 1 1:3.3 ND
11 EtAlCl2 CF3Cl, 2110 1 1:16.0 ND
12 EtAlCl2 CH2Cl2, 278 5 1:2.8 35
13 EtAlCl2 CH2Cl2, 278 25 1:3.5 30
14 MeAlCl2/Me2AlCl CH2Cl2, 278 2.5 1:2.6 44

See Supplementary Information for a detailed experimental procedure. *4Å molecular sieves added. †According to 1H NMR integration. ND, not determined.
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Figure 4 | Proposed reaction pathway. This cascade constitutes the first mechanistic reproduction of the bisabolyl to homobisabolyl to cedryl/funebryl cation
pathway in bulk solvent. Key to its success is sequestration of the counteranion away from the unstable carbocation. If the counteranion is mobile, rapid
termination of the cascade occurs through E1 elimination.
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advanced by Stork on whether this cyclization is feasible36.
Furthermore, the acid instability of 1 explains why Tomita and
Hirose were unable to observe 1 by protonolysis of b-acoradiene37.

Total syntheses of cumacrene38 2 and dunnienoic acid39 22
served to confirm the identity of the cyclobutanes 17a–d by
comparison to literature values. 2 and 22 were accessible by a
short sequence depicted in Fig. 6. Chlorination of (E)-geranyl
acetone, followed by conjugate displacement with trimethylsilane
provided allylsilane 23, which could be converted to the kinetic
silyl enol ether 24. Bromination and attack of the nascent
ketone with vinylmagnesium bromide was followed by epoxide
closure to give 16. Although this linear allylsilane precursor was
synthesized as a mixture of geometrical isomers, cyclization of
the all trans version of 16 had no effect on the ratio of diastereo-
mers produced. Polycyclization with ethylaluminium chloride
produced a mixture of diastereomers 17, which could be separ-
ated as their t-butyldimethylsilyl (TBS) silylethers 26, and then
deprotected to alcohols 17 (see Supplementary Information).
Conversion of the diastereomer of 17 corresponding to cumacrene
2 was effected by mesylation and reduction. The structures of two
other diastereomers were confirmed by conversion to the corre-
sponding carboxylic acids 22, one of which is a known terpene,
named here dunnienoic acid.

The acid stabilities of these terpenes were compared in varying
concentrations of TFA. Epi-cumacrene 26, which contains a cyclo-
butane, decomposes in 0.5 M TFA at a rate comparable to fune-
brene. Even at 0.05 M TFA, both the cumacrenes and the
funebrenes decompose in a matter of minutes, which highlights
the instability of the trans-bicyclooctane embedded in 1 and is an
interesting example of the equal stability of a cyclopentane and a
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Tatanans	
  A-­‐C-­‐enough	
  work	
  

Enantioselective synthesis of tatanans A–C
and reinvestigation of their glucokinase-
activating properties
Qing Xiao1, Jeffrey J. Jackson1, Ashok Basak1, Joseph M. Bowler2, Brian G. Miller2*
and Armen Zakarian1*

The tatanans are members of a novel class of complex sesquilignan natural products recently isolated from the rhizomes
of Acorus tatarinowii Schott plants. Tatanans A, B and C have previously been reported to have potent glucokinase-
activating properties that exceed the in vitro activity of known synthetic antidiabetic agents. Here, using a series of
sequential [3,3]-sigmatropic rearrangements, we report the total synthesis of tatanan A in 13 steps and 13% overall yield.
We also complete a concise enantioselective total synthesis of more complex, atropisomeric tatanans B and C via a
distinct convergent strategy based on a palladium-catalysed diastereotopic aromatic group differentiation (12 steps, 4%
and 8% overall yield, respectively). A plausible biosynthetic relationship between acyclic tatanan A and spirocyclic
tatanans B and C is proposed and probed experimentally. With sufficient quantities of the natural products in hand,
we undertake a detailed functional characterization of the biological activities of tatanans A–C. Contrary to previous
reports, our assays utilizing pure recombinant human enzyme demonstrate that tatanans do not function as allosteric
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generated considerable interest as potential therapeutic agents
for the treatment of type 2 diabetes1. These molecules are effec-

tive at stimulating insulin secretion from pancreatic b-cells and
thereby rapidly reducing plasma glucose levels in animal models2.
At least one glucokinase activator, piragliatin, has advanced to
phase II clinical trials in humans3. The first glucokinase activator
was described in 20034, and since that time pharmaceutical chemists
have identified a variety of unique chemical scaffolds capable of sti-
mulating glucokinase activity in vivo5. Although all glucokinase acti-
vators investigated to date are synthetic, the recent discovery of the
tatanans, a novel class of naturally occurring lignan derivatives that
reportedly possess potent glucokinase-activating capabilities,
suggests that natural products might represent a rich resource for
structurally and mechanistically new antidiabetic agents6,7. As a
first step in exploring tatanans and the derivatives thereof as poten-
tial diabetes therapeutics, we undertook the total chemical synthesis
and detailed mechanistic characterization of the glucokinase-acti-
vating properties of tatanans A, B and C.

Lignans are a large class of polyphenolic natural products related
to oligostilbenes8,9 but distinct in their basic monomeric unit10.
Tatanans are structurally unique sesquilignans recently isolated
from the ethyl acetate extracts of rhizomes of Acorus tatarinowii
Schott plants6. Tatanan A incorporates three consecutive tertiary
stereocentres and three aryl substituents appended to an acyclic
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isomers characterized by complex spirocyclic architectures that
combine a cyclohexane ring substituted at each position with a
2,5-cyclohexadienone subunit. The existence of atropoisomerism
in tatanans B and C is evidently a consequence of the restricted
rotation around the C1–C7 bond that links ring A, proximal to
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Thetatanansaremembersofanovelclassofcomplexsesquilignannaturalproductsrecentlyisolatedfromtherhizomes
ofAcorustatarinowiiSchottplants.TatanansA,BandChavepreviouslybeenreportedtohavepotentglucokinase-
activatingpropertiesthatexceedtheinvitroactivityofknownsyntheticantidiabeticagents.Here,usingaseriesof
sequential[3,3]-sigmatropicrearrangements,wereportthetotalsynthesisoftatananAin13stepsand13%overallyield.
Wealsocompleteaconciseenantioselectivetotalsynthesisofmorecomplex,atropisomerictatanansBandCviaa
distinctconvergentstrategybasedonapalladium-catalyseddiastereotopicaromaticgroupdifferentiation(12steps,4%
and8%overallyield,respectively).AplausiblebiosyntheticrelationshipbetweenacyclictatananAandspirocyclic
tatanansBandCisproposedandprobedexperimentally.Withsufficientquantitiesofthenaturalproductsinhand,
weundertakeadetailedfunctionalcharacterizationofthebiologicalactivitiesoftatanansA–C.Contrarytoprevious
reports,ourassaysutilizingpurerecombinanthumanenzymedemonstratethattatanansdonotfunctionasallosteric
activatorsofglucokinase.

Small-moleculeallostericactivatorsofhumanglucokinasehave
generatedconsiderableinterestaspotentialtherapeuticagents
forthetreatmentoftype2diabetes1.Thesemoleculesareeffec-

tiveatstimulatinginsulinsecretionfrompancreaticb-cellsand
therebyrapidlyreducingplasmaglucoselevelsinanimalmodels2.
Atleastoneglucokinaseactivator,piragliatin,hasadvancedto
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haveidentifiedavarietyofuniquechemicalscaffoldscapableofsti-
mulatingglucokinaseactivityinvivo5.Althoughallglucokinaseacti-
vatorsinvestigatedtodatearesynthetic,therecentdiscoveryofthe
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reportedlypossesspotentglucokinase-activatingcapabilities,
suggeststhatnaturalproductsmightrepresentarichresourcefor
structurallyandmechanisticallynewantidiabeticagents6,7.Asa
firststepinexploringtatanansandthederivativesthereofaspoten-
tialdiabetestherapeutics,weundertookthetotalchemicalsynthesis
anddetailedmechanisticcharacterizationoftheglucokinase-acti-
vatingpropertiesoftatanansA,BandC.

Lignansarealargeclassofpolyphenolicnaturalproductsrelated
tooligostilbenes8,9butdistinctintheirbasicmonomericunit10.
Tatanansarestructurallyuniquesesquilignansrecentlyisolated
fromtheethylacetateextractsofrhizomesofAcorustatarinowii
Schottplants6.TatananAincorporatesthreeconsecutivetertiary
stereocentresandthreearylsubstituentsappendedtoanacyclic
framework.TatanansBandC,ontheotherhand,arecyclicatropo-
isomerscharacterizedbycomplexspirocyclicarchitecturesthat
combineacyclohexaneringsubstitutedateachpositionwitha
2,5-cyclohexadienonesubunit.Theexistenceofatropoisomerism
intatanansBandCisevidentlyaconsequenceoftherestricted
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activating properties that exceed the in vitro activity of known synthetic antidiabetic agents. Here, using a series of
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We also complete a concise enantioselective total synthesis of more complex, atropisomeric tatanans B and C via a
distinct convergent strategy based on a palladium-catalysed diastereotopic aromatic group differentiation (12 steps, 4%
and 8% overall yield, respectively). A plausible biosynthetic relationship between acyclic tatanan A and spirocyclic
tatanans B and C is proposed and probed experimentally. With sufficient quantities of the natural products in hand,
we undertake a detailed functional characterization of the biological activities of tatanans A–C. Contrary to previous
reports, our assays utilizing pure recombinant human enzyme demonstrate that tatanans do not function as allosteric
activators of glucokinase.
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thereby rapidly reducing plasma glucose levels in animal models2.
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phase II clinical trials in humans3. The first glucokinase activator
was described in 20034, and since that time pharmaceutical chemists
have identified a variety of unique chemical scaffolds capable of sti-
mulating glucokinase activity in vivo5. Although all glucokinase acti-
vators investigated to date are synthetic, the recent discovery of the
tatanans, a novel class of naturally occurring lignan derivatives that
reportedly possess potent glucokinase-activating capabilities,
suggests that natural products might represent a rich resource for
structurally and mechanistically new antidiabetic agents6,7. As a
first step in exploring tatanans and the derivatives thereof as poten-
tial diabetes therapeutics, we undertook the total chemical synthesis
and detailed mechanistic characterization of the glucokinase-acti-
vating properties of tatanans A, B and C.

Lignans are a large class of polyphenolic natural products related
to oligostilbenes8,9 but distinct in their basic monomeric unit10.
Tatanans are structurally unique sesquilignans recently isolated
from the ethyl acetate extracts of rhizomes of Acorus tatarinowii
Schott plants6. Tatanan A incorporates three consecutive tertiary
stereocentres and three aryl substituents appended to an acyclic
framework. Tatanans B and C, on the other hand, are cyclic atropo-
isomers characterized by complex spirocyclic architectures that
combine a cyclohexane ring substituted at each position with a
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isolated from the rhizomes of Acorus tatarinowii plants. These natural
products have been reported to potently activate glucokinase. a, Structure of
tatanans. b, Proposed biosynthetic relationship between acyclic tatanan A
and spirocyclic tatanans B and C.
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isolated from the rhizomes of Acorus tatarinowii plants. These natural
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to the cyclohexane subunit. This type of molecular structure is
unprecedented among known lignans11,12, enhancing our interest
in developing a concise chemical synthesis of these natural products.
We postulated that acyclic tatanan A is biosynthetically interrelated
to its spirocyclic congeners through a stereospecific electrophilic
ring-closing dearomatization initiated by a proton donor, as illus-
trated in Fig. 1b13. Thus, an additional goal of our synthesis
efforts was to investigate the facility of such a transformation.

Results and discussion
Total synthesis of tatanans A–C. Tatanan A, with its three
consecutive all-carbon tertiary stereogenic centres, became the
initial goal of our synthesis efforts. Iterative application of [3,3]-
sigmatropic rearrangements formed the basis of the synthesis
design (Fig. 2a)14, and its concise implementation is presented in
Fig. 1b. Aldol condensation of ethyl 2,4,5-trimethoxyphenyl

ketone (5) with 2,4,5-trimethoxybenzaldehyde promoted by
titanium tetrachloride provided ketone 7 in 70% yield15.
Enantioselective reduction of this to allylic alcohol 8 was
accomplished using (R)-2-methyl-CBS-oxazaborolidine (CBS¼ Corey-
Bakshi-Shibata; 98% yield, 93% e.e.)16. The formation of the
propionyl ester of 8 in nearly quantitative yield was followed by
the Ireland–Claisen rearrangement17, which proceeds through an
initial Z-selective enolization with lithium diisopropylamide,
trapping of the lithium enolate with chlorotrimethylsilane to give
the ketene acetal (Z)-4, and its relatively rapid rearrangement via
a chair-like transition structure at 25 8C over the course of 1 h.
This key constructive transformation18,19 establishes the requisite
configuration at the C7′ and C8′ stereocentres with good
stereocontrol (d.r. 7:1, 70% yield). Propargyllic alcohol 11 was
accessed in four steps that included a reduction–oxidation
sequence to reduce the carboxy group in 10 to the aldehyde,
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Figure 2 | Description of the total synthesis of tatanan A using consecutive sigmatropic rearrangements as a key element of the synthesis design, setting
the three adjacent stereogenic centres of the natural product. a, Outline of the synthesis plan for tatanan A, illustrating the application of the [3,3]-
sigmatropic transforms. b, Full reaction sequence for the enantioselective synthesis of tatanan A, 15 steps from aldehyde 6 and ketone 5. Ms,
methanesulfonyl; DBU, 1,8-diazabicycloundec-7-ene; THF, tetrahydrofuran; Py, pyridine; LDA, lithium diisopropylamide; ImH, imidazole.
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to the cyclohexane subunit. This type of molecular structure is
unprecedented among known lignans11,12, enhancing our interest
in developing a concise chemical synthesis of these natural products.
We postulated that acyclic tatanan A is biosynthetically interrelated
to its spirocyclic congeners through a stereospecific electrophilic
ring-closing dearomatization initiated by a proton donor, as illus-
trated in Fig. 1b13. Thus, an additional goal of our synthesis
efforts was to investigate the facility of such a transformation.

Results and discussion
Total synthesis of tatanans A–C. Tatanan A, with its three
consecutive all-carbon tertiary stereogenic centres, became the
initial goal of our synthesis efforts. Iterative application of [3,3]-
sigmatropic rearrangements formed the basis of the synthesis
design (Fig. 2a)14, and its concise implementation is presented in
Fig. 1b. Aldol condensation of ethyl 2,4,5-trimethoxyphenyl

ketone (5) with 2,4,5-trimethoxybenzaldehyde promoted by
titanium tetrachloride provided ketone 7 in 70% yield15.
Enantioselective reduction of this to allylic alcohol 8 was
accomplished using (R)-2-methyl-CBS-oxazaborolidine (CBS¼ Corey-
Bakshi-Shibata; 98% yield, 93% e.e.)16. The formation of the
propionyl ester of 8 in nearly quantitative yield was followed by
the Ireland–Claisen rearrangement17, which proceeds through an
initial Z-selective enolization with lithium diisopropylamide,
trapping of the lithium enolate with chlorotrimethylsilane to give
the ketene acetal (Z)-4, and its relatively rapid rearrangement via
a chair-like transition structure at 25 8C over the course of 1 h.
This key constructive transformation18,19 establishes the requisite
configuration at the C7′ and C8′ stereocentres with good
stereocontrol (d.r. 7:1, 70% yield). Propargyllic alcohol 11 was
accessed in four steps that included a reduction–oxidation
sequence to reduce the carboxy group in 10 to the aldehyde,
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Figure 2 | Description of the total synthesis of tatanan A using consecutive sigmatropic rearrangements as a key element of the synthesis design, setting
the three adjacent stereogenic centres of the natural product. a, Outline of the synthesis plan for tatanan A, illustrating the application of the [3,3]-
sigmatropic transforms. b, Full reaction sequence for the enantioselective synthesis of tatanan A, 15 steps from aldehyde 6 and ketone 5. Ms,
methanesulfonyl; DBU, 1,8-diazabicycloundec-7-ene; THF, tetrahydrofuran; Py, pyridine; LDA, lithium diisopropylamide; ImH, imidazole.
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to the cyclohexane subunit. This type of molecular structure is
unprecedented among known lignans11,12, enhancing our interest
in developing a concise chemical synthesis of these natural products.
We postulated that acyclic tatanan A is biosynthetically interrelated
to its spirocyclic congeners through a stereospecific electrophilic
ring-closing dearomatization initiated by a proton donor, as illus-
trated in Fig. 1b13. Thus, an additional goal of our synthesis
efforts was to investigate the facility of such a transformation.

Results and discussion
Total synthesis of tatanans A–C. Tatanan A, with its three
consecutive all-carbon tertiary stereogenic centres, became the
initial goal of our synthesis efforts. Iterative application of [3,3]-
sigmatropic rearrangements formed the basis of the synthesis
design (Fig. 2a)14, and its concise implementation is presented in
Fig. 1b. Aldol condensation of ethyl 2,4,5-trimethoxyphenyl

ketone (5) with 2,4,5-trimethoxybenzaldehyde promoted by
titanium tetrachloride provided ketone 7 in 70% yield15.
Enantioselective reduction of this to allylic alcohol 8 was
accomplished using (R)-2-methyl-CBS-oxazaborolidine (CBS¼ Corey-
Bakshi-Shibata; 98% yield, 93% e.e.)16. The formation of the
propionyl ester of 8 in nearly quantitative yield was followed by
the Ireland–Claisen rearrangement17, which proceeds through an
initial Z-selective enolization with lithium diisopropylamide,
trapping of the lithium enolate with chlorotrimethylsilane to give
the ketene acetal (Z)-4, and its relatively rapid rearrangement via
a chair-like transition structure at 25 8C over the course of 1 h.
This key constructive transformation18,19 establishes the requisite
configuration at the C7′ and C8′ stereocentres with good
stereocontrol (d.r. 7:1, 70% yield). Propargyllic alcohol 11 was
accessed in four steps that included a reduction–oxidation
sequence to reduce the carboxy group in 10 to the aldehyde,
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Figure 2 | Description of the total synthesis of tatanan A using consecutive sigmatropic rearrangements as a key element of the synthesis design, setting
the three adjacent stereogenic centres of the natural product. a, Outline of the synthesis plan for tatanan A, illustrating the application of the [3,3]-
sigmatropic transforms. b, Full reaction sequence for the enantioselective synthesis of tatanan A, 15 steps from aldehyde 6 and ketone 5. Ms,
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to the cyclohexane subunit. This type of molecular structure is
unprecedented among known lignans11,12, enhancing our interest
in developing a concise chemical synthesis of these natural products.
We postulated that acyclic tatanan A is biosynthetically interrelated
to its spirocyclic congeners through a stereospecific electrophilic
ring-closing dearomatization initiated by a proton donor, as illus-
trated in Fig. 1b13. Thus, an additional goal of our synthesis
efforts was to investigate the facility of such a transformation.

Results and discussion
Total synthesis of tatanans A–C. Tatanan A, with its three
consecutive all-carbon tertiary stereogenic centres, became the
initial goal of our synthesis efforts. Iterative application of [3,3]-
sigmatropic rearrangements formed the basis of the synthesis
design (Fig. 2a)14, and its concise implementation is presented in
Fig. 1b. Aldol condensation of ethyl 2,4,5-trimethoxyphenyl

ketone (5) with 2,4,5-trimethoxybenzaldehyde promoted by
titanium tetrachloride provided ketone 7 in 70% yield15.
Enantioselective reduction of this to allylic alcohol 8 was
accomplished using (R)-2-methyl-CBS-oxazaborolidine (CBS¼ Corey-
Bakshi-Shibata; 98% yield, 93% e.e.)16. The formation of the
propionyl ester of 8 in nearly quantitative yield was followed by
the Ireland–Claisen rearrangement17, which proceeds through an
initial Z-selective enolization with lithium diisopropylamide,
trapping of the lithium enolate with chlorotrimethylsilane to give
the ketene acetal (Z)-4, and its relatively rapid rearrangement via
a chair-like transition structure at 25 8C over the course of 1 h.
This key constructive transformation18,19 establishes the requisite
configuration at the C7′ and C8′ stereocentres with good
stereocontrol (d.r. 7:1, 70% yield). Propargyllic alcohol 11 was
accessed in four steps that included a reduction–oxidation
sequence to reduce the carboxy group in 10 to the aldehyde,
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Figure 2 | Description of the total synthesis of tatanan A using consecutive sigmatropic rearrangements as a key element of the synthesis design, setting
the three adjacent stereogenic centres of the natural product. a, Outline of the synthesis plan for tatanan A, illustrating the application of the [3,3]-
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conversion of the aldehyde to the 1,1-dibromoalkene upon
treatment with carbon tetrabromide and triphenylphosphine, and
formation of the lithium acetylenide followed by quenching with
paraformaldehyde, affording 11 in 68% overall yield. Selective
hydrogenation with Lindlar’s catalyst and two-step aryl ether
formation provided 12 in 84% overall yield.

Lewis-acid mediated [3,3]-sigmatropic rearrangement20 of (Z)-
allylic aryl ether 12 secured the stereochemistry of the remaining
chiral centre while completing the carbon framework of
tatanan A. Phenol 13, isolated in 42% isolated yield (60% based
on recovered starting material, b.r.s.m.), was formed in a diastereo-
selective process that favoured the desired stereoisomer with a 3:1
selectivity. The Z configuration of the double bond was necessary
to enhance diastereocontrol. The major stereoisomer presumably
arises through a reaction pathway involving transition structure
TS-12, which is favoured due to minimization of allylic strain.
Rearrangement of the corresponding (E)-allylic ether provided an
approximately 1:1 mixture of stereoisomers. Starting from
rearrangement product 13, the completion of enantioselective syn-
thesis of tatanan A required only two additional steps. Methylation
of the phenolic hydroxyl (NaH, CH3I, THF) followed by chemo-
selective hydrogenation of the terminal alkene in the presence of
Lindlar’s catalyst delivered 26 mg of tatanan A (83% yield over
two steps). Synthetic tatanan A showed identical spectroscopic
data (1H and 13C NMR) to those published for the natural
product; the optical rotation for the synthetic material was of the
same sign but of a notably higher value ([a]D

20þ 55 (c 0.1,
CH3OH); literature6 [a]D

20þ 10 (c 0.1, CH3OH)).
The synthesis of tatanan A on the aforementioned scale enabled

a study exploring its conversion to spirocyclic tatanans B and
C, emulating the proposed biosynthetic pathway depicted in
Fig. 1b21,22. The C4′′ triisopropylsilyl ether 15 was prepared via
straightforward modification of reactions used in the total synthesis
of tatanan A (Fig. 3). Exposing the C4′′ phenolic hydroxyl was
expected to activate ring C as a nucleophlic counterpart in the cycli-
zation. Under a variety of acidic reaction conditions, 15 failed to
undergo cyclization to tatanans B or C. For example, treatment

with 2.5 mM CF3SO3H/CH2Cl2 at 0–25 8C resulted initially in no
reaction, and then decomposition to an intractable mixture of pro-
ducts at higher temperature. No reaction was observed under milder
conditions with pyridinium tosylate in CH2Cl2 or aqueous CH3OH.
Next, an approach was explored based on reversed polarity in the
cyclization, which again met with no success. Electrophilic or
radical activation of ring C in 15 by oxidation with hypervalent
iodine reagents (PhI(OAc)2, PhI(O2CCF3)2) in the presence of a
hydride donor (PhSiH3) only resulted in the formation of benzoqui-
none products, and no spirocyclization to tatanans B or C was
observed. These observations suggest that the postulated biosyn-
thetic assembly of tatanans B and C by cyclization of tatanan A is
unlikely to occur without the assistance of an enzyme.

Accomplishing the synthesis of the structurally complex tatanans
B and C required a reformulated approach. The key recourse in
developing a new synthesis plan was to reposition the ring-
opening bond scission from C7–C1′′ to C1′′–C7′′ (Fig. 4a). To
enable this strategy, a phenol dearomatization through intramolecu-
lar allylation by a p-allyl palladium complex was envisioned, which
was expected to occur with diastereotopic group differentiation and
set three consecutive stereogenic centres of the fully substituted
cyclohexane ring in one step. A precursor of acyclic intermediate
17 was to be assembled in a convergent manner by asymmetric con-
jugate addition of an (E)-crotyllithium reagent 18, where SDG is a
stereodirecting group, to cinnamic ester 19. Alkylation of the
ester enolate arising from the conjugate addition with methyl
iodide was expected to build the stereotriad found in 17 in an
expedient manner.

Implementation of the amended synthesis plan was initiated via
the development of a suitable conjugate addition method (Fig. 4b).
Addition of the lithiated crotyl phosphoramide to ester 19 with sub-
sequent alkylation of the intermediate enolate with iodomethane,
following the protocol developed by Hanessian and co-workers23,
delivered the expected product in high yield and with outstanding
diastereocontrol. However, various attempts to remove the vinylic
phosphoramide substituent proved to be prohibitively inefficient,
prompting us to seek a more practical alternative. Addition of the
lithiated (R)-tert-butyl (E)-2-butenyl sulfoxide24 21 occurred with
high diastereoselectivity, delivering ester 22 as a single diastereomer
in 50% yield after in situ methylation of the transient ester enolate25.
Diastereoisomeric products resulting from a-alkylation of the sulf-
oxide accounted for the remainder of the mass balance. Oxidation of
the sulfoxide to sulfone followed by a palladium-catalysed desulfo-
nation (Pd(acac)2, i-PrMgBr) afforded terminal alkene 24 in good
yield26. The diastereotopic aryl groups were introduced at this
stage by addition of 2 equiv. of the aryllithium reagent derived
from 25 through lithium–bromine exchange, followed by electro-
philic reduction of 26 with Et3SiH in the presence of BF3-etherate27.
The cross-metathesis reaction28 between 27 and methyl acrylate
using the Hoveyda–Grubbs II catalyst effectively provided a,b-
unsaturated ester 28, which was converted to allyl methyl carbonate
in three steps and 86% overall yield.

For the critical assembly of the spirocyclic ring system, a tran-
sition metal-catalysed cyclization with concomitant dearomatiza-
tion and diastereotopic aryl group differentiation was selected as
the preferred tactical solution (Fig. 4a)29. Although intramolecular
metal-catalysed allylic dearomatization is a powerful approach to
the synthesis of spirocyclic cyclohexanediones, to date there are
no applications of this methodology in the total synthesis of
complex natural products30. Very recently, two reports describing
methodological studies on direct intramolecular C-allylation of
phenols have appeared in the literature, demonstrating the feasibility
of this process. In 2010, Hamada and co-workers31 described a
palladium-catalysed spirocyclization forming a spiro[4.5]decane
ring system. In that study, a single example was reported that
afforded a spirocyclic ring system containing two six-membered

OMe

OMe

MeO

MeO OMe

OR

OMe
MeO

OMe Acidic or oxidative

electrophilic or radical

conditions

14:  R = Si(iPr)3

15:  R = H

OMe

OMe

MeO

MeO OMe

O

+

OMe
MeO

OMe

(PhSiH3)

3

OMe

OMe

MeO

MeO OMe

O

MeO

OMe

PhI(OAc)2

CH2Cl2

MeO OAc

AcO–

OMe

O

OMe

OMe

OMe

MeO

OMe

OMe
MeO

Figure 3 | Tatanans B and C can conceivably arise from cyclization of
tatanan A during their biosynthesis. The total synthesis of tatanan A
enabled an exploration of biomimetic cyclization of tatanan A derivatives to
tatanans B and C, which proved unsuccessful under a variety of cationic or
radical reaction conditions.
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Figure 4 | Total synthesis of tatanans B and C by a palladium-catalysed cyclodearomatization. a, Reformulated synthesis plan centred on a convergent
strategy enabled by a stereochemically complex palladium-catalysed cyclization featuring diastereotopic aromatic group differentiation with concomitant
construction of the central quaternary centre. b, Successful implementation of the convergent synthesis plan leading to a separable mixture of atropisomeric
tatanans B and C in 12 steps from sulfoxide 21. c, Four pairs of transition structures rationalizing all four stereogenic events in the complex palladium-
catalysed cyclodearomatization of substrate 29. Structures A and B explain the observed selectivity for the formation of the C1′ ′ quaternary centre. Structures
C and D provide the basis for the observed high selectivity during the diastereotopic group differentiation establishing stereochemistry at C7. Structures E
and F explain the preference for the observed selectivity at C7′ ′, favouring the vinyl substituent at the equatorial position. Structures G and H rationalize the
observed atropselectivity, with a moderate preference for G over H, which places the ortho-MeO group in ring A in a sterically crowded environment of the
forming cyclohexane ring. LDA, lithium diisopropylamide; MCPBA, 3-chloroperbenzoic acid; acac, acetylacetonate; TIPS, triisopropylsilyl; HGII, Hoveyda–
Grubbs II catalyst; dba, dibenzylideneacetone.
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Figure 4 | Total synthesis of tatanans B and C by a palladium-catalysed cyclodearomatization. a, Reformulated synthesis plan centred on a convergent
strategy enabled by a stereochemically complex palladium-catalysed cyclization featuring diastereotopic aromatic group differentiation with concomitant
construction of the central quaternary centre. b, Successful implementation of the convergent synthesis plan leading to a separable mixture of atropisomeric
tatanans B and C in 12 steps from sulfoxide 21. c, Four pairs of transition structures rationalizing all four stereogenic events in the complex palladium-
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diastereomers (the endo assignment is in reference to the more
electron-withdrawing ketone moiety), which were separable by
column chromatography. The enantiomers of the endo adducts
can be separated readily on a preparatory scale using supercritical
fluid chromatography and a chiral ODH column (for further
details, see the Supplementary Information). Although access to 18
sets the stage for preparing the natural products in an enantioen-
riched form, the syntheses reported herein were carried out in
racemic form. Hydrogenation of 18, silyl ether cleavage and sulfona-
tion of the resulting primary alcohol group yielded benzenesulfonate
21 (82% yield over three steps). At this juncture, a-hydroxylation
followed by oxidative cleavage with lead tetraacetate unveiled aldehyde
17 (70% yield). Treatment of aldehyde 17 with potassium cyanide in
the presence of various tryptamine derivatives then furnished the
desired aminonitriles (16a–16c) as single diastereomers and in
excellent overall yields. The relative stereochemistry of the 4-OMe
tryptamine aminonitrile was established unambiguously by X-ray
crystallographic analysis (see the ORTEP structure for 16b in
Fig. 2; some hydrogen atoms are removed for clarity)42.

Substrates 16a–16c were subjected to Pictet–Spengler cyclization
conditions (Table 1), with special attention paid to the role that
arene nucleophilicity43,44 plays in both the rate and stereoselectivity
of the pentacycle formation45–47. Consistent with the elegant studies
of the Stork group, treatment of aminonitriles 16a–16c with hydro-
chloric acid (10% 1 N HCl in tetrahydrofuran at 23 8C) resulted in
the exclusive formation of the b-diastereomers (23a–23c; see entries
1–3, Table 1) for all the substrates. The relative stereochemistry was

assigned unambiguously for substrate 23b by X-ray crystallographic
analysis (see the ORTEP structure, Table 1; some hydrogen atoms
are removed for clarity).

More surprising, however, was that the inherent diastereoselec-
tivity of the thermal Pictet–Spengler cyclization (heating to
160 8C in acetonitrile, Method B in Table 1) of the substrates was
influenced greatly by the nature of the indole fragment (entries 4–6,
Table 1). Tryptamine-derived aminonitrile 16a cyclized on
heating in acetonitrile to afford a 1:3 (b:a) mixture of diastereomers,
whereas 4-methoxytryptamine substrate 16b and 6-methoxytrypta-
mine substrate 16c cyclized to give a 1:1.8 (b:a) and 1:8 (b:a)
mixture of diastereomers, respectively. The latter observation is in
line with the observed diastereoselectivity for the thermal cyclization
of aminonitrile 3 in refluxing acetonitrile reported by Stork12,13.

As several yohimbinoid natural products possess the indole sub-
stitution pattern present in 16a and 16b, the stereoselectivities for
these cyclizations needed to be improved if a versatile approach to
the yohimbinoid natural products was to be realized. As such, we
embarked on a campaign to optimize the diastereoselectivity of
the Pictet–Spengler cyclization under thermal conditions (that is,
Method B) and chose to focus on substrate 16b as it represented
the most challenging selectivity scenario. Previously, Stork proposed
the formation of a tight ion pair between the departing cyanide and
forming iminium ion under thermal Pictet–Spengler conditions for
aminonitriles, which leads to an attack of the indole nucleophile
from the b-face (see 26!24b, Fig. 3)12,13. On the basis of this
analysis, we reasoned that a solvent with a lower static permittivity
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Figure 1 | Classic approaches to the synthesis of reserpine, and selected yohimbine and berbane alkaloids. a, Classic approaches to closure of the C-ring
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(dielectric constant)48 would lead to a tighter ion pairing and further
enhance the diastereoselectivity of the cyclization. In an initial
investigation of solvent effects (entries 3–7, Table 2), among sol-
vents of similar polarity only acetonitrile and isopropanol provided
the desired diastereomer (24b) as the major product, which suggests

a greater participatory role of the solvent. Several mechanistic pos-
sibilities that may exist are shown in Fig. 3.

In one scenario, an acetonitrile solvent molecule could engage
iminium ion 26′ to form a different electrophilic species (see 27
or 28, Fig. 3) that could then be displaced by the indole moiety in

Table 1 | Role of the indole nucleophile in the stereoselectivity of the Pictet–Spengler cyclization.
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substitution on the indole moiety. Bs¼ benzenesulfonyl, TBS¼ tert-butyldimethylsilyl, PhMe¼ toluene, pyr¼ pyridine, TBSOTf¼ tert-butyldimethylsilyl
triflate, oxone¼ potassium monopersulfate.
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(dielectric constant)48 would lead to a tighter ion pairing and further
enhance the diastereoselectivity of the cyclization. In an initial
investigation of solvent effects (entries 3–7, Table 2), among sol-
vents of similar polarity only acetonitrile and isopropanol provided
the desired diastereomer (24b) as the major product, which suggests

a greater participatory role of the solvent. Several mechanistic pos-
sibilities that may exist are shown in Fig. 3.

In one scenario, an acetonitrile solvent molecule could engage
iminium ion 26′ to form a different electrophilic species (see 27
or 28, Fig. 3) that could then be displaced by the indole moiety in

Table 1 | Role of the indole nucleophile in the stereoselectivity of the Pictet–Spengler cyclization.

BnO

N

CN

CO2allyl

CO2Me
BnO

N

CO2allyl

CO2Me

H
A: 10% 1 N HCl/THF

B: 160 oC, MW, MeCN
HH

HH

R

BnO

N

CO2allyl

CO2Me

HH

H

+

(β) (α)

23a–23c 24a–24c

H
N

H
N

H
N

R R
16a: Ar = indole
16b: Ar = 4-(OMe)-indole
16c: Ar = 6-(OMe)-indole

Entry Aryl amine Method* Diastereomeric ratio (b:a)†

ORTEP representation of 23b·HCl

1 16a (R¼H) A 1:0

2 16b (R¼ 4-OMe) A 1:0

3 16c (R¼ 6-OMe) A 1:0

4 16a (R¼H) B 1:3

5 16b (R¼ 4-OMe) B 1:1.8

6 16c (R¼ 6-OMe) B 1:8

*Method A: 10% 1 N HCl/THF, room temperature (r.t.). Method B: MeCN, 160 8C, microwave.
†Ratio determined by NMR analysis of the crude reaction mixture.

CO2Me

H

BnO
O

BnO
O

MeO2C

+

89%
TBSO OTBS

i. Pd/C, H2, EtOAc
ii. 1% HCl/MeOHPhMe,100 ºC 

CO2Me

H

BnO

OBs

O

19 20 rac-18 21

(>10:1 endo:exo)

82% (three steps)

iii. BsCl, pyr., DMAP

22

i. TBSOTf, Et3N, CH2Cl2
ii. Oxone, NaHCO3,

(1:1:1) CH2Cl2:H2O:Me2CO

Pb(OAc)4, CH2Cl2

85% (three steps)

iii. 1% HCl/MeOH

CO2Me

H

BnO

OBs

O

OH

BnO

OBs

CO2allyl

CO2Me

CHO

H

H

17

BnO

N

CN

CO2allyl

CO2Me

H

H

16a: Ar = indole, 90%
16b: Ar = 4-(OMe)-indole, 81%
16c: Ar = 6-(OMe)-indole, 87%

H
N

R

MgSO4, 
KCN, MeCN

Ar NH2HO

    82%

BnO

N

CO2allyl

CO2Me

CN

H

H

BnO

N

CO2allyl

CO2Me

HH

H

8–13

15 16

H
N

H
N

R R

CO2Me

H

BnO

OTBS

O
BnO

CO2allyl

CO2Me

CHO

OBs

H

H

1817

BnO
O

MeO2C

+

TBSO

19 20

a

b

ORTEP representation of 16b

Figure 2 | Retrosynthetic plan and synthesis of the aminonitrile Pictet-Spengler substrates. a, A variety of yohimbinoid natural products can be accessed
from the common hydrindanone precursor 18. b, The Diels–Alder cyclization between diene 19 and dienophile 20 provides hydrindanone 18, setting four
contiguous stereocentres. Conversion of hydrindanone 18 into aldehyde 17 sets the stage for a rapid formation of aminonitriles 16a–16c with varying
substitution on the indole moiety. Bs¼ benzenesulfonyl, TBS¼ tert-butyldimethylsilyl, PhMe¼ toluene, pyr¼ pyridine, TBSOTf¼ tert-butyldimethylsilyl
triflate, oxone¼ potassium monopersulfate.
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complete computational details see the Supplementary Information)
were found to be in better agreement with our synthetic data (mean
absolute deviation (MAD) of 1.37 ppm) than with the isolation data
(MAD of 1.85 ppm). Furthermore, the computational predictions
identified two 13C resonances (at 104.3 ppm and 31.0 ppm) from
the isolation data as outliers, both deviating by 5.0 ppm or more
from the computational data (a complete line-listing comparison
is given in the Supplementary Information). Importantly, the
outlier at 104.3 ppm reported in the 13C data for isolated venenatine,
which was one of the resonances that differed markedly from our
synthetic 13C data, also varies significantly from that of the corre-
sponding 13C resonances reported for closely related congeners,

including alstovenine, 16-epialstovenine, 16-epivenenatine and 9-
methoxy-3-epi-a-yohimbine, which are all in line with our synthetic
data. Although no conclusive statement can be made regarding the
origin of this discrepancy, it is possible that the reported data for iso-
lated venenatine may have been mistabulated.

In summary, we identified an effective, general path to the synth-
eses of a subset of yohimbinoid alkaloids that are epimeric at C(3).
This work, which has resulted in the first total syntheses of the
alkaloids venenatine and alstovenine in racemic form, builds on
important observations by Stork pertaining to aminonitrile
Pictet–Spengler cyclizations. Key to the success of our synthetic
studies was the identification of conditions to control effectively

Table 2 | Solvent effects in the Pictet–Spengler cyclization.

BnO

N

CN

CO2allyl

CO2Me
BnO

N

CO2allyl

CO2Me

H
Conditions

HH

HH

H
N

H
N

BnO

N

CO2allyl

CO2Me

HH

H

H
N

+

(β) (α)

23b 24b
16b

MeO MeO MeO

Entry Solvent Temperature (88888C)* Additive Diastereomeric ratio (b:a)‡

1 THF r.t.§ HCl† 1:0
2 MeCN 82‖ – n/r
3 MeCN 160 – 1:1.8
4 Acetone 160 – 2.5:1
5 i-PrOH 160 – 1:1.3
6 i-PrCN 160 – 1.4:1
7 PhMe 160 – 1.8:1
8 PhMe 160 Imidazole 1:1.6
9 PhMe 160 DMAP 1:2.0
10 MeCN 160 DMAP 1:4
11 MeCN 160 NaI 1:10

*Reaction carried out in a microwave reactor in a sealed vial unless otherwise noted. †When HCl was an additive more than 2.8 equivalents were employed. The conditions were 10% 1 N HCl/THF.
‡Ratio determined by NMR analysis of the crude reaction mixture. §Reaction carried out in a sealed vial under a N2 atmosphere. ‖Reaction carried out in a sealed vial in an oil bath.
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Figure 4 | Synthesis of venenatine and alstovenine. Pd-catalysed deallylation/decarboxylation allows for removal of the allyl ester in 23b and 24b under
mild conditions, which minimizes the b-hydroxy elimination. Treatment of 29 and 31 with BBr3 leads to the selective removal of the benzyl protecting group
and access to venenatine and alstovenine, respectively. PS¼ polymer supported, nOe¼ nuclear Overhauser effect.
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NMR, FTIR, circular dichroism and mass spectroscopy) were found
to be identical with data we obtained from an authentic sample of
natural trioxacarcin A4,20. We observed that trioxacarcin A, like its
precursor 24, is unstable towards a base in alcoholic solvents;
decomposition is evidenced by the formation of a deep burgundy-
red solution (solutions of pure trioxacarcin A in ethanol and chloro-
form are typically orange).

Having established a modular 11-step sequence for the assembly
of trioxacarcin A from five components of similar synthetic com-
plexity (identified with circles in Fig. 4) we next sought to demon-
strate the versatility of the sequence for the synthesis of analogues
by component variation. Deep-seated structural modifications
were introduced by variation of four of the five key building
blocks (the cyanophthalide 17, the cyclohexenone 18, the trioxacar-
cinose B donor 5 and the trioxacarcinose A donor 23); the synthetic

sequence used to prepare each analogue was otherwise the same as
the route to trioxacarcin A illustrated in Fig. 4 (experimental details
are provided in the Supplementary Information). Figure 5 depicts 12
compounds representative of more than 30 analogues that we have
prepared to date by component variation. The analogues are
depicted in a manner that highlights their structural differences rela-
tive to trioxacarcin A, using colour to trace the origins of the vari-
ations to the components that were modified (identified in Fig. 4).
Below each structure in Fig. 5 are listed average 50% growth
inhibition (GI50) values21 we obtained in growth-inhibitory assays
using cultured H460 cells, a human lung cancer cell line that is
known to be especially sensitive to trioxacarcin A (we confirmed
this, obtaining a GI50 value of 0.85+0.36 nM for trioxacarcin A;
DC-45-A1 was found to have a GI50 value of 37+7 nM (we are
unaware of any previous measurements of growth-inhibitory
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aromatization strategy, deconstruction of the benzene ring of 11
would give a cis-triene 12, which could be further disconnected at
the C1–C13 bond to give the devised bridged tricyclic intermediate
9 and a suitable side-chain coupling partner. Compound 9 was
traced back to bridged-bicyclic amine 13 and carboxylic acid 14.
The recombination of these two fragments could be achieved
through an amide-bond formation followed by an intramolecular
1,4-addition; both reactions are well-precedented in Dixon’s syn-
thesis of the calyciphylline A-type skeleton (Fig. 2)26,27. A gold-
catalysed alkyne-cyclization process (Toste–Conia-ene reaction)36

could be exploited to construct 13 from the silyl enol ether gener-
ated from ketone 15. This precursor should be readily accessible
from the known hydroxy enone 16 and sulfonamide 17 through a
Mitsunobu reaction. Notably, the C18 stereochemistry of 8 could
be established by facial selective hydrogenation of the corresponding
methylene substrate at a suitable stage.

Based on the above analysis, we started our adventure with the
initial aim to reach the bridged tricycle 9, as shown in Fig. 4.
Coupling of the enantioenriched hydroxy enone 16 (six steps
from m-methylanisole, 98% enantiomeric excess (e.e.))37 and sulfo-
namide 17 under Mitsunobu conditions provided compound 15 in
86% yield, which retained high enantiopurity (97% e.e.). Not sur-
prisingly, the following gold-catalysed 6-exo-dig cyclization36,38 to
construct the bridged [3.3.1]bicyclic system turned out to be more

difficult than that of the well-precedented 5-exo-dig cases36,39.
Attempts to form the silyl enol ether 18 in the presence of triisopro-
pylsilyl trifluoromethanesulfonate (TIPSOTf) and triethylamine
(Et3N) or diisopropylethylamine36 led to a mixture of 18 and 19
(Fig. 4) in favour of the latter. To avoid the undesired g-deproto-
nated product 19, the less basic 2,6-lutidine was employed in the
above reaction to give 18 almost exclusively. Compound 18 was
subjected to standard cationic gold cyclization conditions
(chloro(triphenylphosphine)gold(I) (Au(PPh3)Cl, 0.2 equiv.),
AgSbF6 (0.3 equiv.) and MeOH), which rapidly generated the
desired bridged bicycle 20 (28%), and a significant amount of the
direct desilylated product 15 was recovered. From a mechanistic
point of view, the formation of 20 involved protonolysis of the cor-
responding alkenyl gold species under strongly acidic conditions,
which may also lead to rapid desilylation. Thus, we examined the
effect of different silyl groups in tuning the ratio of cyclization/
desilylation products. As we expected, the tert-butyldimethylsilyl
(TBS) enol ether gave a poorer ratio (14% of 20, 74% of 15), and
the tert-butyldiphenylsilyl enol ether improved the reaction
output (60% of 20, 20% of 15). As the counterion of the gold
complex (initially from the corresponding silver salt) may have a
subtle influence on the reactivity of the active gold species40 as
well as on the Brönsted acidity of the reaction environment,
various silver salts (AgBF4, AgSbF6, silver trifluoromethanesulfo-
nate (AgOTf), AgOCOCF3 and others) were also tested. To our
delight, AgOTf proved to be the most effective additive and ren-
dered 20 in 72% yield from 15 (with 11% of 15 recovered).
Replacing MeOH with other protic solvents, such as isopropyl
alcohol, did not improve the efficiency, and decreasing the catalyst
loading to 0.1 equiv. led to 70% yield of 20 with 29% of 15 recov-
ered. With 20 in hand, desulfonation with p-thiocresol in the pres-
ence of K2CO3, followed by condensation with carboxylic acid 14
under 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC.HCl)/1-hydroxybenzotriazole (HOBt) conditions
afforded amide 21 in 72% overall yield. Compound 21 underwent
intramolecular Michael addition26,27 promoted by K2CO3 in
CH3CN at 100 8C to give 9 in 86% yield, together with 9% of the
chromatographically separable C6 diastereomer. Interestingly,
treatment of 21 with potassium hexamethyldisilazide (KHMDS)
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Figure 1 | Selected natural products that represent major subfamilies of
Daphniphyllum alkaloids. The 6,n,5-bridged tricycle (bottom right) indicates
a common structural motif shared by 6, 7 and 8, as well as the related
Daphniphyllum subfamily members (up to about 50). A versatile intermediate
for the divergent synthesis of these Daphniphyllum alkaloids could be devised
based on this structural motif.
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aromatization strategy, deconstruction of the benzene ring of 11
would give a cis-triene 12, which could be further disconnected at
the C1–C13 bond to give the devised bridged tricyclic intermediate
9 and a suitable side-chain coupling partner. Compound 9 was
traced back to bridged-bicyclic amine 13 and carboxylic acid 14.
The recombination of these two fragments could be achieved
through an amide-bond formation followed by an intramolecular
1,4-addition; both reactions are well-precedented in Dixon’s syn-
thesis of the calyciphylline A-type skeleton (Fig. 2)26,27. A gold-
catalysed alkyne-cyclization process (Toste–Conia-ene reaction)36

could be exploited to construct 13 from the silyl enol ether gener-
ated from ketone 15. This precursor should be readily accessible
from the known hydroxy enone 16 and sulfonamide 17 through a
Mitsunobu reaction. Notably, the C18 stereochemistry of 8 could
be established by facial selective hydrogenation of the corresponding
methylene substrate at a suitable stage.

Based on the above analysis, we started our adventure with the
initial aim to reach the bridged tricycle 9, as shown in Fig. 4.
Coupling of the enantioenriched hydroxy enone 16 (six steps
from m-methylanisole, 98% enantiomeric excess (e.e.))37 and sulfo-
namide 17 under Mitsunobu conditions provided compound 15 in
86% yield, which retained high enantiopurity (97% e.e.). Not sur-
prisingly, the following gold-catalysed 6-exo-dig cyclization36,38 to
construct the bridged [3.3.1]bicyclic system turned out to be more

difficult than that of the well-precedented 5-exo-dig cases36,39.
Attempts to form the silyl enol ether 18 in the presence of triisopro-
pylsilyl trifluoromethanesulfonate (TIPSOTf) and triethylamine
(Et3N) or diisopropylethylamine36 led to a mixture of 18 and 19
(Fig. 4) in favour of the latter. To avoid the undesired g-deproto-
nated product 19, the less basic 2,6-lutidine was employed in the
above reaction to give 18 almost exclusively. Compound 18 was
subjected to standard cationic gold cyclization conditions
(chloro(triphenylphosphine)gold(I) (Au(PPh3)Cl, 0.2 equiv.),
AgSbF6 (0.3 equiv.) and MeOH), which rapidly generated the
desired bridged bicycle 20 (28%), and a significant amount of the
direct desilylated product 15 was recovered. From a mechanistic
point of view, the formation of 20 involved protonolysis of the cor-
responding alkenyl gold species under strongly acidic conditions,
which may also lead to rapid desilylation. Thus, we examined the
effect of different silyl groups in tuning the ratio of cyclization/
desilylation products. As we expected, the tert-butyldimethylsilyl
(TBS) enol ether gave a poorer ratio (14% of 20, 74% of 15), and
the tert-butyldiphenylsilyl enol ether improved the reaction
output (60% of 20, 20% of 15). As the counterion of the gold
complex (initially from the corresponding silver salt) may have a
subtle influence on the reactivity of the active gold species40 as
well as on the Brönsted acidity of the reaction environment,
various silver salts (AgBF4, AgSbF6, silver trifluoromethanesulfo-
nate (AgOTf), AgOCOCF3 and others) were also tested. To our
delight, AgOTf proved to be the most effective additive and ren-
dered 20 in 72% yield from 15 (with 11% of 15 recovered).
Replacing MeOH with other protic solvents, such as isopropyl
alcohol, did not improve the efficiency, and decreasing the catalyst
loading to 0.1 equiv. led to 70% yield of 20 with 29% of 15 recov-
ered. With 20 in hand, desulfonation with p-thiocresol in the pres-
ence of K2CO3, followed by condensation with carboxylic acid 14
under 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC.HCl)/1-hydroxybenzotriazole (HOBt) conditions
afforded amide 21 in 72% overall yield. Compound 21 underwent
intramolecular Michael addition26,27 promoted by K2CO3 in
CH3CN at 100 8C to give 9 in 86% yield, together with 9% of the
chromatographically separable C6 diastereomer. Interestingly,
treatment of 21 with potassium hexamethyldisilazide (KHMDS)
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Figure 1 | Selected natural products that represent major subfamilies of
Daphniphyllum alkaloids. The 6,n,5-bridged tricycle (bottom right) indicates
a common structural motif shared by 6, 7 and 8, as well as the related
Daphniphyllum subfamily members (up to about 50). A versatile intermediate
for the divergent synthesis of these Daphniphyllum alkaloids could be devised
based on this structural motif.
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aromatization strategy, deconstruction of the benzene ring of 11
would give a cis-triene 12, which could be further disconnected at
the C1–C13 bond to give the devised bridged tricyclic intermediate
9 and a suitable side-chain coupling partner. Compound 9 was
traced back to bridged-bicyclic amine 13 and carboxylic acid 14.
The recombination of these two fragments could be achieved
through an amide-bond formation followed by an intramolecular
1,4-addition; both reactions are well-precedented in Dixon’s syn-
thesis of the calyciphylline A-type skeleton (Fig. 2)26,27. A gold-
catalysed alkyne-cyclization process (Toste–Conia-ene reaction)36

could be exploited to construct 13 from the silyl enol ether gener-
ated from ketone 15. This precursor should be readily accessible
from the known hydroxy enone 16 and sulfonamide 17 through a
Mitsunobu reaction. Notably, the C18 stereochemistry of 8 could
be established by facial selective hydrogenation of the corresponding
methylene substrate at a suitable stage.

Based on the above analysis, we started our adventure with the
initial aim to reach the bridged tricycle 9, as shown in Fig. 4.
Coupling of the enantioenriched hydroxy enone 16 (six steps
from m-methylanisole, 98% enantiomeric excess (e.e.))37 and sulfo-
namide 17 under Mitsunobu conditions provided compound 15 in
86% yield, which retained high enantiopurity (97% e.e.). Not sur-
prisingly, the following gold-catalysed 6-exo-dig cyclization36,38 to
construct the bridged [3.3.1]bicyclic system turned out to be more

difficult than that of the well-precedented 5-exo-dig cases36,39.
Attempts to form the silyl enol ether 18 in the presence of triisopro-
pylsilyl trifluoromethanesulfonate (TIPSOTf) and triethylamine
(Et3N) or diisopropylethylamine36 led to a mixture of 18 and 19
(Fig. 4) in favour of the latter. To avoid the undesired g-deproto-
nated product 19, the less basic 2,6-lutidine was employed in the
above reaction to give 18 almost exclusively. Compound 18 was
subjected to standard cationic gold cyclization conditions
(chloro(triphenylphosphine)gold(I) (Au(PPh3)Cl, 0.2 equiv.),
AgSbF6 (0.3 equiv.) and MeOH), which rapidly generated the
desired bridged bicycle 20 (28%), and a significant amount of the
direct desilylated product 15 was recovered. From a mechanistic
point of view, the formation of 20 involved protonolysis of the cor-
responding alkenyl gold species under strongly acidic conditions,
which may also lead to rapid desilylation. Thus, we examined the
effect of different silyl groups in tuning the ratio of cyclization/
desilylation products. As we expected, the tert-butyldimethylsilyl
(TBS) enol ether gave a poorer ratio (14% of 20, 74% of 15), and
the tert-butyldiphenylsilyl enol ether improved the reaction
output (60% of 20, 20% of 15). As the counterion of the gold
complex (initially from the corresponding silver salt) may have a
subtle influence on the reactivity of the active gold species40 as
well as on the Brönsted acidity of the reaction environment,
various silver salts (AgBF4, AgSbF6, silver trifluoromethanesulfo-
nate (AgOTf), AgOCOCF3 and others) were also tested. To our
delight, AgOTf proved to be the most effective additive and ren-
dered 20 in 72% yield from 15 (with 11% of 15 recovered).
Replacing MeOH with other protic solvents, such as isopropyl
alcohol, did not improve the efficiency, and decreasing the catalyst
loading to 0.1 equiv. led to 70% yield of 20 with 29% of 15 recov-
ered. With 20 in hand, desulfonation with p-thiocresol in the pres-
ence of K2CO3, followed by condensation with carboxylic acid 14
under 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC.HCl)/1-hydroxybenzotriazole (HOBt) conditions
afforded amide 21 in 72% overall yield. Compound 21 underwent
intramolecular Michael addition26,27 promoted by K2CO3 in
CH3CN at 100 8C to give 9 in 86% yield, together with 9% of the
chromatographically separable C6 diastereomer. Interestingly,
treatment of 21 with potassium hexamethyldisilazide (KHMDS)
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aromatization strategy, deconstruction of the benzene ring of 11
would give a cis-triene 12, which could be further disconnected at
the C1–C13 bond to give the devised bridged tricyclic intermediate
9 and a suitable side-chain coupling partner. Compound 9 was
traced back to bridged-bicyclic amine 13 and carboxylic acid 14.
The recombination of these two fragments could be achieved
through an amide-bond formation followed by an intramolecular
1,4-addition; both reactions are well-precedented in Dixon’s syn-
thesis of the calyciphylline A-type skeleton (Fig. 2)26,27. A gold-
catalysed alkyne-cyclization process (Toste–Conia-ene reaction)36

could be exploited to construct 13 from the silyl enol ether gener-
ated from ketone 15. This precursor should be readily accessible
from the known hydroxy enone 16 and sulfonamide 17 through a
Mitsunobu reaction. Notably, the C18 stereochemistry of 8 could
be established by facial selective hydrogenation of the corresponding
methylene substrate at a suitable stage.

Based on the above analysis, we started our adventure with the
initial aim to reach the bridged tricycle 9, as shown in Fig. 4.
Coupling of the enantioenriched hydroxy enone 16 (six steps
from m-methylanisole, 98% enantiomeric excess (e.e.))37 and sulfo-
namide 17 under Mitsunobu conditions provided compound 15 in
86% yield, which retained high enantiopurity (97% e.e.). Not sur-
prisingly, the following gold-catalysed 6-exo-dig cyclization36,38 to
construct the bridged [3.3.1]bicyclic system turned out to be more

difficult than that of the well-precedented 5-exo-dig cases36,39.
Attempts to form the silyl enol ether 18 in the presence of triisopro-
pylsilyl trifluoromethanesulfonate (TIPSOTf) and triethylamine
(Et3N) or diisopropylethylamine36 led to a mixture of 18 and 19
(Fig. 4) in favour of the latter. To avoid the undesired g-deproto-
nated product 19, the less basic 2,6-lutidine was employed in the
above reaction to give 18 almost exclusively. Compound 18 was
subjected to standard cationic gold cyclization conditions
(chloro(triphenylphosphine)gold(I) (Au(PPh3)Cl, 0.2 equiv.),
AgSbF6 (0.3 equiv.) and MeOH), which rapidly generated the
desired bridged bicycle 20 (28%), and a significant amount of the
direct desilylated product 15 was recovered. From a mechanistic
point of view, the formation of 20 involved protonolysis of the cor-
responding alkenyl gold species under strongly acidic conditions,
which may also lead to rapid desilylation. Thus, we examined the
effect of different silyl groups in tuning the ratio of cyclization/
desilylation products. As we expected, the tert-butyldimethylsilyl
(TBS) enol ether gave a poorer ratio (14% of 20, 74% of 15), and
the tert-butyldiphenylsilyl enol ether improved the reaction
output (60% of 20, 20% of 15). As the counterion of the gold
complex (initially from the corresponding silver salt) may have a
subtle influence on the reactivity of the active gold species40 as
well as on the Brönsted acidity of the reaction environment,
various silver salts (AgBF4, AgSbF6, silver trifluoromethanesulfo-
nate (AgOTf), AgOCOCF3 and others) were also tested. To our
delight, AgOTf proved to be the most effective additive and ren-
dered 20 in 72% yield from 15 (with 11% of 15 recovered).
Replacing MeOH with other protic solvents, such as isopropyl
alcohol, did not improve the efficiency, and decreasing the catalyst
loading to 0.1 equiv. led to 70% yield of 20 with 29% of 15 recov-
ered. With 20 in hand, desulfonation with p-thiocresol in the pres-
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ride (EDC.HCl)/1-hydroxybenzotriazole (HOBt) conditions
afforded amide 21 in 72% overall yield. Compound 21 underwent
intramolecular Michael addition26,27 promoted by K2CO3 in
CH3CN at 100 8C to give 9 in 86% yield, together with 9% of the
chromatographically separable C6 diastereomer. Interestingly,
treatment of 21 with potassium hexamethyldisilazide (KHMDS)
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aromatization strategy, deconstruction of the benzene ring of 11
would give a cis-triene 12, which could be further disconnected at
the C1–C13 bond to give the devised bridged tricyclic intermediate
9 and a suitable side-chain coupling partner. Compound 9 was
traced back to bridged-bicyclic amine 13 and carboxylic acid 14.
The recombination of these two fragments could be achieved
through an amide-bond formation followed by an intramolecular
1,4-addition; both reactions are well-precedented in Dixon’s syn-
thesis of the calyciphylline A-type skeleton (Fig. 2)26,27. A gold-
catalysed alkyne-cyclization process (Toste–Conia-ene reaction)36

could be exploited to construct 13 from the silyl enol ether gener-
ated from ketone 15. This precursor should be readily accessible
from the known hydroxy enone 16 and sulfonamide 17 through a
Mitsunobu reaction. Notably, the C18 stereochemistry of 8 could
be established by facial selective hydrogenation of the corresponding
methylene substrate at a suitable stage.

Based on the above analysis, we started our adventure with the
initial aim to reach the bridged tricycle 9, as shown in Fig. 4.
Coupling of the enantioenriched hydroxy enone 16 (six steps
from m-methylanisole, 98% enantiomeric excess (e.e.))37 and sulfo-
namide 17 under Mitsunobu conditions provided compound 15 in
86% yield, which retained high enantiopurity (97% e.e.). Not sur-
prisingly, the following gold-catalysed 6-exo-dig cyclization36,38 to
construct the bridged [3.3.1]bicyclic system turned out to be more

difficult than that of the well-precedented 5-exo-dig cases36,39.
Attempts to form the silyl enol ether 18 in the presence of triisopro-
pylsilyl trifluoromethanesulfonate (TIPSOTf) and triethylamine
(Et3N) or diisopropylethylamine36 led to a mixture of 18 and 19
(Fig. 4) in favour of the latter. To avoid the undesired g-deproto-
nated product 19, the less basic 2,6-lutidine was employed in the
above reaction to give 18 almost exclusively. Compound 18 was
subjected to standard cationic gold cyclization conditions
(chloro(triphenylphosphine)gold(I) (Au(PPh3)Cl, 0.2 equiv.),
AgSbF6 (0.3 equiv.) and MeOH), which rapidly generated the
desired bridged bicycle 20 (28%), and a significant amount of the
direct desilylated product 15 was recovered. From a mechanistic
point of view, the formation of 20 involved protonolysis of the cor-
responding alkenyl gold species under strongly acidic conditions,
which may also lead to rapid desilylation. Thus, we examined the
effect of different silyl groups in tuning the ratio of cyclization/
desilylation products. As we expected, the tert-butyldimethylsilyl
(TBS) enol ether gave a poorer ratio (14% of 20, 74% of 15), and
the tert-butyldiphenylsilyl enol ether improved the reaction
output (60% of 20, 20% of 15). As the counterion of the gold
complex (initially from the corresponding silver salt) may have a
subtle influence on the reactivity of the active gold species40 as
well as on the Brönsted acidity of the reaction environment,
various silver salts (AgBF4, AgSbF6, silver trifluoromethanesulfo-
nate (AgOTf), AgOCOCF3 and others) were also tested. To our
delight, AgOTf proved to be the most effective additive and ren-
dered 20 in 72% yield from 15 (with 11% of 15 recovered).
Replacing MeOH with other protic solvents, such as isopropyl
alcohol, did not improve the efficiency, and decreasing the catalyst
loading to 0.1 equiv. led to 70% yield of 20 with 29% of 15 recov-
ered. With 20 in hand, desulfonation with p-thiocresol in the pres-
ence of K2CO3, followed by condensation with carboxylic acid 14
under 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC.HCl)/1-hydroxybenzotriazole (HOBt) conditions
afforded amide 21 in 72% overall yield. Compound 21 underwent
intramolecular Michael addition26,27 promoted by K2CO3 in
CH3CN at 100 8C to give 9 in 86% yield, together with 9% of the
chromatographically separable C6 diastereomer. Interestingly,
treatment of 21 with potassium hexamethyldisilazide (KHMDS)
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aromatization strategy, deconstruction of the benzene ring of 11
would give a cis-triene 12, which could be further disconnected at
the C1–C13 bond to give the devised bridged tricyclic intermediate
9 and a suitable side-chain coupling partner. Compound 9 was
traced back to bridged-bicyclic amine 13 and carboxylic acid 14.
The recombination of these two fragments could be achieved
through an amide-bond formation followed by an intramolecular
1,4-addition; both reactions are well-precedented in Dixon’s syn-
thesis of the calyciphylline A-type skeleton (Fig. 2)26,27. A gold-
catalysed alkyne-cyclization process (Toste–Conia-ene reaction)36

could be exploited to construct 13 from the silyl enol ether gener-
ated from ketone 15. This precursor should be readily accessible
from the known hydroxy enone 16 and sulfonamide 17 through a
Mitsunobu reaction. Notably, the C18 stereochemistry of 8 could
be established by facial selective hydrogenation of the corresponding
methylene substrate at a suitable stage.

Based on the above analysis, we started our adventure with the
initial aim to reach the bridged tricycle 9, as shown in Fig. 4.
Coupling of the enantioenriched hydroxy enone 16 (six steps
from m-methylanisole, 98% enantiomeric excess (e.e.))37 and sulfo-
namide 17 under Mitsunobu conditions provided compound 15 in
86% yield, which retained high enantiopurity (97% e.e.). Not sur-
prisingly, the following gold-catalysed 6-exo-dig cyclization36,38 to
construct the bridged [3.3.1]bicyclic system turned out to be more

difficult than that of the well-precedented 5-exo-dig cases36,39.
Attempts to form the silyl enol ether 18 in the presence of triisopro-
pylsilyl trifluoromethanesulfonate (TIPSOTf) and triethylamine
(Et3N) or diisopropylethylamine36 led to a mixture of 18 and 19
(Fig. 4) in favour of the latter. To avoid the undesired g-deproto-
nated product 19, the less basic 2,6-lutidine was employed in the
above reaction to give 18 almost exclusively. Compound 18 was
subjected to standard cationic gold cyclization conditions
(chloro(triphenylphosphine)gold(I) (Au(PPh3)Cl, 0.2 equiv.),
AgSbF6 (0.3 equiv.) and MeOH), which rapidly generated the
desired bridged bicycle 20 (28%), and a significant amount of the
direct desilylated product 15 was recovered. From a mechanistic
point of view, the formation of 20 involved protonolysis of the cor-
responding alkenyl gold species under strongly acidic conditions,
which may also lead to rapid desilylation. Thus, we examined the
effect of different silyl groups in tuning the ratio of cyclization/
desilylation products. As we expected, the tert-butyldimethylsilyl
(TBS) enol ether gave a poorer ratio (14% of 20, 74% of 15), and
the tert-butyldiphenylsilyl enol ether improved the reaction
output (60% of 20, 20% of 15). As the counterion of the gold
complex (initially from the corresponding silver salt) may have a
subtle influence on the reactivity of the active gold species40 as
well as on the Brönsted acidity of the reaction environment,
various silver salts (AgBF4, AgSbF6, silver trifluoromethanesulfo-
nate (AgOTf), AgOCOCF3 and others) were also tested. To our
delight, AgOTf proved to be the most effective additive and ren-
dered 20 in 72% yield from 15 (with 11% of 15 recovered).
Replacing MeOH with other protic solvents, such as isopropyl
alcohol, did not improve the efficiency, and decreasing the catalyst
loading to 0.1 equiv. led to 70% yield of 20 with 29% of 15 recov-
ered. With 20 in hand, desulfonation with p-thiocresol in the pres-
ence of K2CO3, followed by condensation with carboxylic acid 14
under 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC.HCl)/1-hydroxybenzotriazole (HOBt) conditions
afforded amide 21 in 72% overall yield. Compound 21 underwent
intramolecular Michael addition26,27 promoted by K2CO3 in
CH3CN at 100 8C to give 9 in 86% yield, together with 9% of the
chromatographically separable C6 diastereomer. Interestingly,
treatment of 21 with potassium hexamethyldisilazide (KHMDS)
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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addition to form the pyrrolidine ring with the desired stereochemistry and
(4) a gold(I)-catalysed 6-exo-dig cyclization to prepare the bridged 6,6-
bicyclic building block (13). Inspired by Dixon’s work26, intermediate 9 is
devised on the basis of the common structural motif of daphenylline-related
Daphniphyllum alkaloids. The 6p-electrocyclization/aromatization strategy,
which was applied to our previous synthesis of tubingensin A, plays a
determining role in the entire daphenylline plan. o-Ns, 2-nitrobenzenesulfonyl.
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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which was applied to our previous synthesis of tubingensin A, plays a
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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which was applied to our previous synthesis of tubingensin A, plays a
determining role in the entire daphenylline plan. o-Ns, 2-nitrobenzenesulfonyl.
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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devised on the basis of the common structural motif of daphenylline-related
Daphniphyllum alkaloids. The 6p-electrocyclization/aromatization strategy,
which was applied to our previous synthesis of tubingensin A, plays a
determining role in the entire daphenylline plan. o-Ns, 2-nitrobenzenesulfonyl.
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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which was applied to our previous synthesis of tubingensin A, plays a
determining role in the entire daphenylline plan. o-Ns, 2-nitrobenzenesulfonyl.
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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regioisomeric silyl enol ether 19. An intramolecular Michael addition
assembled 9 in a diastereoselective manner. DIAD, diisopropyl
azodicarboxylate; TBDPSOTf, tert-butyldiphenylsilyl trifluoromethanesulfonate.
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in tetrahydrofuran (THF) at 278 8C afforded the undesired C6
epimer as the major product (!3:1 diastereomeric ratio (d.r.)).
In contrast, Dixon and co-workers observed the desired stereo-
chemistry at C6 when synthesizing the 5,6-bicyclic system
through an intramolecular Michael addition under KHMDS
conditions (Fig. 2)26. The structure of 9 was confirmed by X-ray
crystallographic analysis of its desilylated derivative (Fig. 4; Tm
144–147 8C, ethyl acetate (EtOAc)/n-hexane 1:1). All the above
transformations were performed readily on a multigram scale with
consistent efficiency.

With the tricyclic intermediate 9 in hand, we focused our atten-
tion on the construction of the challenging tetrasubstituted arene
motif, as shown in Fig. 5a. cis-Triene 12 was considered a suitable
precursor to explore the feasibility of the 6p-electrocyclization/
aromatization strategy. However, well-recognized approaches, such
as partial hydrogenation41 of the corresponding ynediene, proved
to be unsatisfactory because of the poor positional selectivity;
attempts to prepare seemingly simple cis-boronate/stannane

reagents were also fruitless. To our delight, however, photo-
isomerization of the trans-triene afforded the desired cis-isomer.
Indeed, treatment of ketone 9 with KHMDS and N-phenylbis(tri-
fluoromethanesulfonimide) (PhNTf2) furnished the corresponding
triflate, which further underwent Suzuki coupling with trans-boro-
nate 22 to render triene 23 with good overall efficiency. Irradiation
of 23 with a 125 W Hg lamp for five minutes provided 12 readily42.
Surprisingly, this cis-triene was found to be reluctant to enter
the 6p-electrocyclization pathway under thermal conditions43;
elevating the reaction temperature merely led to skeletal
decomposition. Inspired by Trauner’s seminal work44,45, we
examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
single diastereomer in 71% yield) through a photoinduced isomer-
ization/electrocyclization cascade with the intermediacy of cis-
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devised on the basis of the common structural motif of daphenylline-related
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which was applied to our previous synthesis of tubingensin A, plays a
determining role in the entire daphenylline plan. o-Ns, 2-nitrobenzenesulfonyl.
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elevating the reaction temperature merely led to skeletal
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examined 6p-electrocyclization promoted by a Lewis acid to take
advantage of the carbonyl functionality conjugated to the triene
system of 12. Unfortunately, a variety of Lewis acids, such as
diethylaluminium chloride, boron trifluoride diethyl etherate,
SnCl4 and copper(I) trifluoromethanesulfonate35, failed to effect
the desired cyclization, and desilylation followed by decomposition
gradually occurred under these conditions. The failure of these
efforts may be attributable to the formidable steric hindrance gener-
ated in the disrotatory cyclization process. The conrotatory pathway
is expected to develop less steric congestion and, encouragingly, we
occasionally detected a trace amount of cyclization product under
photoirradiation conditions in the process of triene isomerization.
Under optimized conditions (500 W Hg lamp, 15 minutes), trans-
triene 23 converted cleanly into pentacyclic compound 24 (as a
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triene 1246–48. In a stepwise experiment, purified 12 was subjected to
the same conditions to give 24 (!50% overall yield from 23). The
yield of 24 significantly decreased when O2 was not strictly excluded
(vide infra). This cyclohexadiene displayed unexpected reactivity in
the subsequent aromatization process; treatment with various oxi-
dants or dehydrogenation reagents, such as 2,3-dichloro-5,6-
dicyano-p-benzoquinone, 2-iodoxybenzoic acid, MnO2,
I2/MeOH, Pd/C and Pd(OCOCF3)2, failed to aromatize it, but
resulted in skeletal decomposition on prolonged reaction times.
Finally, in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU)/air at elevated temperature49, 24 was converted into arene
25 in 67% yield, taking advantage of the C8 proton acidity
induced by the carbonyl group conjugated to the cyclohexadiene
system. Compound 25 retained high enantiopurity (96% e.e.,
measured by high-performance liquid chromatography using syn-
thetic (+)-25 as a reference).

Interestingly, a clean, but unexpected, transformation occurred
to furnish hexacyclic lactone 26 when 23 was photoirradiated in
the presence of air, as shown in Fig. 5b. Desilylation of 26 gave
alcohol 27, the structure of which was determined by X-ray crystal-
lographic analysis of single crystals of (+)-27 (Tm 136–138 8C,
EtOAc/n-hexane 1:1). We postulate that cyclohexadiene 24
reacted with singlet O2 to provide the Diels–Alder adduct 28,
which may further undergo Norrish type I fragmentation to
generate the diradical species 29. The O–O bond could
cleave homolytically and recombine with the diradical to
render 26. Thus, the stereochemical outcome of the conrotatory
6p-electrocyclization was verified indirectly by the structural
elucidation of 27.

Having forged the pentacyclic scaffold of the natural product, we
entered the final stage of the total synthesis, as shown in Fig. 6.
According to our retrosynthetic analysis, a suitable precursor for
the 7-exo-trig cyclization needed to be prepared. Thus, ketone 25
was converted into enone 30, in 81% overall yield, through a
sequence of silyl enol ether formation and Saegusa–Ito oxidation50.
Desilylation followed by iodination furnished compound 11, which
set the stage for the intramolecular 1,4-addition. The radical
cyclization reaction was initiated by 2,2′-azobisisobutyronitrile
(AIBN) at 75 8C; tris(trimethylsilyl)silane ((TMS)3SiH) was found
to be superior to tributyltin hydride as a hydride source. It was
crucial to add CH2Cl2 as cosolvent to obtain an excellent
and consistent yield, presumably because of the poor solubility of
11 in toluene. Under the above conditions, the primary radical
attacked the enone moiety to afford compound 31 (98%) as a
single diastereomer. The excellent facial selectivity is
attributable to the strong stereochemical bias of the substrate.
With the hexacyclic core of daphenylline in hand, a series of
reductions was performed. Hydrogenation of the exocyclic C¼C
bond with Crabtree’s catalyst provided the desired C18 diastereomer
predominantly (.30:1 d.r.), but reduction with Pd/C led to the
opposite stereochemical output. This product was subjected to
Krapcho demethoxycarbonylation conditions (LiCl.H2O, dimethyl
sulfoxide, 160 8C) employed by Dixon and co-workers in their
synthesis of the tricyclic core of calyciphylline A-type
alkaloids (Fig. 2)26, in this case to give compound 10 as a single
detectable diastereomer. The structure of 10 was unambiguously
verified by X-ray crystallographic analysis (Fig. 6, Tm 165–167 8C,
EtOAc/n-hexane 1:1), which ensured the connectivity of
the hexacyclic scaffold and stereochemical output of the radical
cyclization, hydrogenation and decarboxylation reactions.
Finally, deoxygenation promoted by Pd/C under a H2 atmosphere,
followed by LiAlH4 reduction of the lactam moiety, rendered
synthetic daphenylline (8) in 66% yield over two steps. The
daphenylline purified with silica gel displayed identical spectral
and physical properties to those of an authentic sample provided
by Hao and co-workers34.
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Figure 5 | Assembly of the pentacyclic intermediate 25. a, Trans-triene 23
underwent a photoinduced C¼C bond isomerization/6p-electrocyclization
cascade reaction to afford the compact pentacyclic product 24, which
further aromatized to 25 under oxidative conditions. b, An unexpected
photoinduced cascade reaction occurred when 23 was photoirradiated in the
presence of air. A postulated mechanism involved a Norrish type I
fragmentation followed by O–O bond homolysis and radical recombination.
HF.py, hydrogen fluoride pyridine.
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triene 1246–48. In a stepwise experiment, purified 12 was subjected to
the same conditions to give 24 (!50% overall yield from 23). The
yield of 24 significantly decreased when O2 was not strictly excluded
(vide infra). This cyclohexadiene displayed unexpected reactivity in
the subsequent aromatization process; treatment with various oxi-
dants or dehydrogenation reagents, such as 2,3-dichloro-5,6-
dicyano-p-benzoquinone, 2-iodoxybenzoic acid, MnO2,
I2/MeOH, Pd/C and Pd(OCOCF3)2, failed to aromatize it, but
resulted in skeletal decomposition on prolonged reaction times.
Finally, in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU)/air at elevated temperature49, 24 was converted into arene
25 in 67% yield, taking advantage of the C8 proton acidity
induced by the carbonyl group conjugated to the cyclohexadiene
system. Compound 25 retained high enantiopurity (96% e.e.,
measured by high-performance liquid chromatography using syn-
thetic (+)-25 as a reference).

Interestingly, a clean, but unexpected, transformation occurred
to furnish hexacyclic lactone 26 when 23 was photoirradiated in
the presence of air, as shown in Fig. 5b. Desilylation of 26 gave
alcohol 27, the structure of which was determined by X-ray crystal-
lographic analysis of single crystals of (+)-27 (Tm 136–138 8C,
EtOAc/n-hexane 1:1). We postulate that cyclohexadiene 24
reacted with singlet O2 to provide the Diels–Alder adduct 28,
which may further undergo Norrish type I fragmentation to
generate the diradical species 29. The O–O bond could
cleave homolytically and recombine with the diradical to
render 26. Thus, the stereochemical outcome of the conrotatory
6p-electrocyclization was verified indirectly by the structural
elucidation of 27.

Having forged the pentacyclic scaffold of the natural product, we
entered the final stage of the total synthesis, as shown in Fig. 6.
According to our retrosynthetic analysis, a suitable precursor for
the 7-exo-trig cyclization needed to be prepared. Thus, ketone 25
was converted into enone 30, in 81% overall yield, through a
sequence of silyl enol ether formation and Saegusa–Ito oxidation50.
Desilylation followed by iodination furnished compound 11, which
set the stage for the intramolecular 1,4-addition. The radical
cyclization reaction was initiated by 2,2′-azobisisobutyronitrile
(AIBN) at 75 8C; tris(trimethylsilyl)silane ((TMS)3SiH) was found
to be superior to tributyltin hydride as a hydride source. It was
crucial to add CH2Cl2 as cosolvent to obtain an excellent
and consistent yield, presumably because of the poor solubility of
11 in toluene. Under the above conditions, the primary radical
attacked the enone moiety to afford compound 31 (98%) as a
single diastereomer. The excellent facial selectivity is
attributable to the strong stereochemical bias of the substrate.
With the hexacyclic core of daphenylline in hand, a series of
reductions was performed. Hydrogenation of the exocyclic C¼C
bond with Crabtree’s catalyst provided the desired C18 diastereomer
predominantly (.30:1 d.r.), but reduction with Pd/C led to the
opposite stereochemical output. This product was subjected to
Krapcho demethoxycarbonylation conditions (LiCl.H2O, dimethyl
sulfoxide, 160 8C) employed by Dixon and co-workers in their
synthesis of the tricyclic core of calyciphylline A-type
alkaloids (Fig. 2)26, in this case to give compound 10 as a single
detectable diastereomer. The structure of 10 was unambiguously
verified by X-ray crystallographic analysis (Fig. 6, Tm 165–167 8C,
EtOAc/n-hexane 1:1), which ensured the connectivity of
the hexacyclic scaffold and stereochemical output of the radical
cyclization, hydrogenation and decarboxylation reactions.
Finally, deoxygenation promoted by Pd/C under a H2 atmosphere,
followed by LiAlH4 reduction of the lactam moiety, rendered
synthetic daphenylline (8) in 66% yield over two steps. The
daphenylline purified with silica gel displayed identical spectral
and physical properties to those of an authentic sample provided
by Hao and co-workers34.
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Conclusion
We accomplished the total synthesis of the Daphniphyllum alkaloid
daphenylline. The synthesis features a gold-catalysed 6-exo-dig
cyclization reaction for the construction of a bridged bicyclic
motif, and a photoinduced olefin isomerization/6p-electrocycliza-
tion/aromatization sequence to forge the sterically compact arene.
The chemistry developed may find use in the synthesis of other
polycyclic natural products and pharmaceutically interesting mol-
ecules. The above endeavour represents the first example of a chemi-
cal synthesis of a member of the Daphniphyllum alkaloid
subfamilies that share a bridged 6,n,5-tricyclic motif. Taking advan-
tage of the versatility of the tricyclic intermediate 9, studies towards
the total synthesis of related Daphniphyllum alkaloids are currently
underway, which, together with this work, should accelerate further
biological and biosynthetic investigations of these fascinating
natural products.
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19	
  steps	
  from	
  16,	
  which	
  takes	
  9	
  steps	
  to	
  make.	
  



Summary	
  	
  

•  5	
  publicaPons	
  in	
  2011	
  (mulP-­‐targets	
  wl	
  <10	
  
steps,	
  single	
  target	
  shd	
  biological	
  test)	
  

•  4	
  publicaPons	
  in	
  2012	
  (old	
  TMs	
  play	
  efficiency;	
  
simple	
  TMs	
  play	
  concept;	
  bioacPvity	
  unness.	
  )	
  

•  5	
  publicaPons	
  in	
  2013	
  (classic	
  total	
  synthesis,	
  
efficiency	
  could	
  be	
  low	
  if	
  TMs	
  are	
  complex)	
  

•  Conclusion	
  and	
  summary	
  



Conclusion	
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  chemistry	
  

•  Sell	
  it	
  big	
  and	
  sell	
  the	
  concept	
  

•  Efficiency	
  -­‐	
  the	
  most	
  eye-­‐catching	
  feature	
  

•  Are	
  you	
  sleepy?	
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