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The Daphniphyllum alkaloids are a large class of natural products isolated from a genus of evergreen plants widely used in
Chinese herbal medicine. They display a remarkable range of biological activities, including anticancer, antioxidant, and
vasorelaxation properties as well as elevation of nerve growth factor. Daphenylline is a structurally unique member among
the predominately aliphatic Daphniphyllum alkaloids, and contains a tetrasubstituted arene moiety mounted on a sterically
compact hexacyclic scaffold. Herein, we describe the first total synthesis of daphenylline. A gold-catalysed 6-exo-dig
cyclization reaction and a subsequent intramolecular Michael addition reaction, inspired by Dixon’s seminal work, were
exploited to construct the bridged 6,6,5-tricyclic motif of the natural product at an early stage, and the aromatic moiety
was forged through a photoinduced olefin isomerization/6p-electrocyclization cascade followed by an oxidative
aromatization process.

P
lant natural products have played an important role in chem-
istry, biology and medical science for centuries1, and chemical
synthesis continues to serve as a powerful tool to understand

the functions of these compounds2–5. Daphniphyllum is a genus of
dioecious evergreen plants native to Asia, the leaves and roots of
which are used widely in Chinese herbal medicine6. About 250
Daphniphyllum alkaloids have been isolated from this genus to
date7. From a structural perspective, these naturally occurring mol-
ecules usually possess a bridged and fused hexa- or pentacyclic scaf-
fold that contains continuous stereogenic centres; based on their
connectivity modes, they can be further classified into more than
20 subfamilies. Shown in Fig. 1 are the molecular architectures
that represent several major subfamilies of Daphniphyllum alka-
loids. Intrigued by these fascinating structures, a series of biosyn-
thetic hypotheses were suggested7, led by Heathcock’s elegant
proposal for the biosynthesis of methyl homosecodaphniphyllate
(1; Fig. 1) from a squalene derivative8,9. Although some isotopic lab-
elling experiments were carried out7, identifying the biosynthetic
network that connects all the subfamilies of Daphniphyllum alka-
loids at the biochemical level remains a formidable challenge.
These structurally diverse and complex natural products display a
remarkable range of biological activities7, such as anticancer10, anti-
oxidation11, elevation of nerve growth factor12 and vasorelaxation13.
However, the systematic biological profiling of the Daphniphyllum
alkaloids and their derivatives is hampered by the scarce supply of
these compounds from natural sources.

The formidable challenge posed by their intricate structures
resulted in intensive efforts to achieve the total synthesis of
Daphniphyllum alkaloids7,8,14–33, which would also provide a great
opportunity to accelerate biological and biosynthetic studies of
them. Heathcock and co-workers accomplished a landmark
synthesis of methyl homosecodaphniphyllate (1) guided by their
biosynthetic hypothesis8,14, which formed the basis for their successful
syntheses of methyl homodaphniphyllate16, daphnilactone A17 and
bukittinggine18 (2–4; Fig. 1), as well as secodaphniphylline19 and
codaphniphyllin20 (side-chain analogues of 1 and 2, respectively).
Recently, Carreira and co-workers disclosed the total synthesis of daph-
manidin E (5; Fig. 1) from a non-methyl homodaphniphyllate-type

subfamily21, which represents the first breakthrough in
Daphniphyllum alkaloid synthesis in nearly two decades. To date,
however, the remaining members of this large natural product
family, including those from the calyciphylline A (6) and daphnicy-
clidin (7) subfamilies7, which feature a 6,n,5-briged tricyclic moiety
(Fig. 1, total number up to about 50), have not been synthesized suc-
cessfully. Notably, Dixon and co-workers developed an elegant syn-
thesis of the tricyclic core of calyciphylline A-type Daphniphyllum
alkaloids (Fig. 2)26, which sets an important basis for the
collective synthesis of the above-mentioned subfamily members.
The highly diastereoselective intramolecular Michael addition
reaction used for their construction of the 5,6-bicyclic system26,27

is particularly inspiring to this work (vide infra). A structurally
unique calyciphylline A family member, isolated by Hao and
co-workers from the fruits of D. longeracemosum in 2009, namely
daphenylline (Fig. 1; 8)34, attracted our, as well as others’,
attention30,31. Daphenylline is the only Daphniphyllum alkaloid to
incorporate an arene motif, in contrast to the other members of
this aliphatic natural product family. Herein, we report the first
total synthesis of daphenylline (8).

Results and discussion
The structural features of the bridged 6,n,5-tricyclic (n¼ 6 or 7)
motif (Fig. 1, bottom right) of daphenylline (8) and its congeners
(for example, 6 and 7), as well as Dixon’s seminal work26 described
above (Fig. 2), inspired us to envision a common intermediate such
as 9 (Fig. 3), potentially useful for the divergent synthesis of a
number of structurally related Daphniphyllum alkaloids. In the
case of daphenylline, the most significant synthetic challenge (the
assembly of the sterically encumbered tetrasubstituted arene set
in a sterically demanding environment) could be achieved by a
6p-electrocyclization/aromatization sequence, similar to that used
during our total synthesis of tubingensin A35. With this strategy
in mind, we undertook a retrosynthetic analysis, as shown in
Fig. 3. Hexacyclic ketolactam 10 was considered to be a direct pre-
cursor of daphenylline (8), the seven-membered ring of which could
be disassembled to afford a pentacyclic iodide 11 as the substrate for
a 7-exo-trig radical cyclization. Based on the 6p-electrocyclization/
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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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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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