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Total Synthesis of Calophyline A
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Abstract: Reported herein is the total synthesis of calophyli-
ne A, an indoline natural product possessing distinct ring
connectivity which has not been synthesized previously. The
synthetic route features several key transformations, including
an aza-pinacol rearrangement to construct the nitrogen-
containing bridged [3.2.2] bicycle, a Heck cyclization to
assemble the fused 6/5/6/5 ring system, and a challenging
late-stage aldol reaction to generate both a neopentyl quater-
nary stereogenic center and an oxygen-containing bridged
[3.2.1] bicycle.

The akuammiline alkaloids are a class of structurally
intricate natural products which have attracted significant
attention from synthetic chemists in recent years (Figure 1).[1]

While many members of this alkaloid family were isolated

more than 50 years ago, their chemical syntheses had not been
achieved until recently. The synthetic efforts from the
research groups of Qin, Garg, Ma, Smith, MacMillan,
Snyder, Zhu, and Yang have led to the inventive total
syntheses of vincorine,[2] aspidophylline A,[3] scholarisine A,[4]

picrinine,[5] 2-(S)-cathafoline, and strictamine.[6] Most
recently, the group of Li reported the elegant total syntheses
of aspidodasycarpine and its congeners.[7] These synthetic
endeavors have tremendously simplified the chemical syn-
theses of akuammiline alkaloids and provided valuable
insights for the assembly of the polycyclic architectures.

Biogenetically, all the akuammiline alkaloids could be
derived from the natural product rhazimal through enzymatic
redox transformations or skeletal rearrangements (Fig-
ure 1).[1e] While the central N4¢C3 bond is maintained for
the biosynthetic generation of most akuammiline alkaloids,
the structure of vincorine is a result of an N4 migration from
C3 to C2 in rhazimal. By contrast, calophyline A, isolated
from Winchia calophylla by Li, Zou, and co-workers in 2012,[8]

biogenetically stems from rhazimal by an unprecedented N4
migration from C3 to C14.[9] To our knowledge, this is the only
natural product that possesses the N4¢C14 connectivity,
which results in a distinct polycyclic architecture associated
with this member of the class. The structural uniqueness of
calophyline A includes the fused 6/5/6/5 ring system, a nitro-
gen-containing bridged [3.2.2] bicycle, an oxygen-containing
bridged [3.2.1] bicycle, and the form of an inner salt. These
structural features present significant synthetic challenges,
and by far no synthetic studies toward the chemical synthesis
of this natural product have been documented. Herein, we
report the first total synthesis of calophyline A based on our
previously developed aza-pinacol rearrangement.[10] More-
over, the introduction of the neopentyl quaternary stereo-
genic center (C16) has been difficult in this area. The group of
Li creatively addressed this problem at the relative early state
of their syntheses.[7] We, in contrast, relied on a late-stage
aldol reaction on an extremely congested bridged polycycle.

Inspired by the intricate polycyclic structures of akuammi-
line alkaloids, we have recently developed a conceptually
distinct strategy for the synthesis of the hydrocarbazole
framework from an unprecedented aza-pinacol rearrange-
ment.[10a] Specifically, the compound 2, which represents the
core structure of calophyline A, was obtained from the triol
1 with good yield and excellent diastereoselectivity
(Scheme 1). This remarkable single-step transformation high-
lights a highly efficient cascade reaction sequence involving
the removal of a Boc protecting group, aza-pinacol rearrange-
ment (A), regioselective elimination of water (B), and aza-
conjugate addition to furnish the bridged [3.2.2] bicycle. The
overall conversion of 1 into 2 represents one of the most
complex examples of aza-pinacol rearrangements, which have
not been extensively studied in natural product synthesis.[10b]

Figure 1. Representative natural products biogenetically derived from
rhazimal.
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Based on this strategy, the retrosynthetic analysis of calo-
phyline A is depicted in Scheme 2.

We envisioned access to calophyline A from the aldehyde
3 by a late-stage aldol reaction with formaldehyde
(Scheme 2). The nitrogen-containing fused five-membered
ring in 3 could be constructed by a palladium-catalyzed Heck
cyclization of 4, which in turn could be assembled by the
functionalization of the ketone 5. The compound 5 could be
traced back to 6, the product of the aza-pinacol rearrange-
ment of 7. The synthesis of 7 could be achieved by the
synthetic manipulations of 8, an intermediate which was
previously utilized for the divergent synthesis of a variety of
polycyclic structures and the formal total synthesis of natural
product minfiensine.[10a]

The synthesis of calophyline A commenced with the
preparation of 7, the precursor for the aza-pinacol rearrange-
ment (Scheme 3). Diastereoselective dihydroxylation of 9,
which was previously prepared from 8 in a one-pot reduction/
protection procedure,[10] delivered 7 in 92% yield. The aza-
pinacol rearrangement initiated cascade reaction of 7 pro-
ceeded with high efficiency and excellent diastereoselectivity,

thus establishing the intricate polycycle 6 bearing three
stereogenic centers. Reduction of the indolenine afforded
10, which underwent Dess–Martin oxidation of the secondary
alcohol and N-protection to provide the ketone 5. The a-
functionalization of this ketone turned out to be very
challenging because of the steric hindrance imposed by the
adjacent quaternary stereogenic center. For instance,
attempts to directly install a methyl ester using methyl
cyanoformate or dimethyl carbonate under a variety of
reaction conditions by enolate chemistry proved fruitless.[11]

Gratifyingly, a-methylenation using bis(dimethylamino)me-
thane and acetic anhydride, reaction conditions recently
utilized by Reisman and co-workers for the a-methylenation
of a complex cyclopentanone,[12] led to the formation of the
exocyclic enone 11, which contains the suitable functionality
for subsequent elaboration. The internal alkene 12 was
prepared from 11 in three steps, including Luche reduction,
O-mesylation, and SN2’ substitution. From 12, a one-pot
manipulation, involving denosylation, SN2 alkylation and the
removal of the Bz group, afforded 4, the precursor for the
Heck cyclization.[13, 14] Upon treatment of 4 with [Pd(PPh3)4]
and pentamethylpiperidine (PMP) under reaction conditions
reported by the groups of Vanderwal and Garg,[14c,3a] the fused
five-membered ring in 13 was successfully constructed with
the concomitant generation of an aldehyde group.

Scheme 1. Aza-pinacol rearrangement based strategy. DCM= dichloro-
methane, TFA = trifluoroacetic acid, Boc= tert-butoxycarbonyl, Ts =4-
toluenesulfonyl.

Scheme 2. Retrosynthetic analysis of calophyline A. Ns =o-nitrobenze-
nesulfonyl.

Scheme 3. Synthesis of 13 by Heck cyclization. Unless stated other-
wise, reactions were performed at room temperature (RT, approx-
imately 23 88C). DCE= 1,2-dichloroethane, DMAP=4-dimethylaminopyr-
idine, DMF= dimethylformamide, DMP= Dess–Martin periodinane,
MsCl =methanesulfonyl chloride, NMO=4-methylmorpholine N-
oxide, PMP= 1,2,2,6,6-pentamethylpiperidine.
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At this stage, 13 served as a potential substrate to engage
in a late-stage aldol reaction required to generate the
neopentyl quaternary stereogenic center of the natural
product. However, the reaction of 13 with formaldehyde or
its surrogates under a variety of reaction conditions failed,
thus indicating that this bridged polycycle is very congested
and difficult to be decorated. We envisioned that the planar
geometry of a more advanced indolenine 3 might render the
bottom face less hindered, and thus the late-stage aldol
reaction should be easier to proceed in a facial-selective
manner (Scheme 4).

Thus, we turned our attention to the construction of 3 and
the total synthesis of this structurally unique natural product
(Scheme 5). From 13, removal of the methyl carbamate
protecting group delivered 14, which was subsequently
oxidized by PhIO[4c] and MnO2 to provide the aldehyde 3,
the necessary substrate for the late-stage aldol reaction. It
should be noted that an epimerization occurred during the
oxidation process at the a-carbon atom of the aldehyde,
presumably because of the favorable placement of this side
chain at the less hindered bottom face. The epimerization was
inconsequential for the subsequent transformation involving
an enol intermediate, whereas strongly implied that the late-
stage aldol reaction would probably be facial selective. Not
surprisingly, the late-stage introduction of the neopentyl

quaternary stereogenic center, namely the conversion of 3
into 15, proved to be challenging. To our knowledge, this type
of late-stage reaction of the extremely congested bridged
polycycle has not been achieved in the syntheses of akuammi-
line alkaloids. In the presence of alkali salts, reagents utilized
by Cook and co-workers for aldol reactions with bulky
substrates,[15] the reactions of 3 with formaldehyde only led to
the decomposition of the starting material. Moreover, the
aldol product tended to release the steric repulsion by retro-
aldol reaction under strongly basic conditions. After extensive
optimization, we were able to identify suitable reaction
conditions for this critical transformation. Using 7-methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD)[16] as the base,
the facial-selective aldol reaction occurred with the concom-
itant cyclization of the resulting alcohol onto the indolenine,
thus generating 15 in 67% yield.[17] Finally, a one-pot N-
methylation and Pinnick oxidation led to the completion of
the first total synthesis of calophyline A. The NMR spectra
and mass spectrometric data of the synthetic sample match
those reported.[8]

In summary, we have achieved the total synthesis of
calophyline A, an indoline natural product possessing distinct
ring connectivity which has not been synthesized previously.
Our synthetic route to this natural product features several
key transformations, including an aza-pinacol rearrangement
to construct the nitrogen-containing bridged [3.2.2] bicycle,
a Heck cyclization to assemble the fused 6/5/6/5 ring system,
and a challenging late-stage aldol reaction to generate both
a neopentyl quaternary stereogenic center and an oxygen-
containing bridged [3.2.1] bicycle. The synthesis successfully
demonstrated the synthetic utility of our previously devel-
oped aza-pinacol rearrangement in complex natural product
synthesis and set the stage for future synthetic endeavors.
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