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ABSTRACT: We designed and executed an expedient synthesis of a complex analogue of the potent immunosuppressive natural
product brasilicardin A. Our successful synthesis featured application of our recently developed MHAT-initiated radical
bicyclization, which delivered the targeted, complex analogue in 17 steps in the longest linear sequence. Unfortunately, this analogue
showed no observable immunosuppressive activity, which speaks to the importance of the structural and stereochemical elements of
the natural core scaffold.

Polycyclic terpenoid natural products often possess interest-
ing, diverse, and potent biological activities. One example is

brasilicardin A (brasA, 1, Figure 1a) whose unique structure
elicits powerful immunosuppressive activity in a mouse mixed-
lymphocyte reaction (MLR) assay (IC50 = 0.057 μg/mL).1,2
Further, brasA appears to possess a novel mode of action that
differs from clinically used immunosuppressants, and it has been
shown to have very low toxicity in mice, with no negative effects
even at a dose of 100 mg/kg.2 The stereochemically unusual
tricyclic “core” structure, with its B ring confined to a boat
conformation, renders the application of biomimetic, cationic
polyene cyclization for its synthesis challenging.3 The
combination of potentially important activity and unusual
structure garnered brasA significant interest from synthetic
chemists. Two total syntheses have been reported; however,
they suffer from lengthy sequences (>30-step longest linear
sequence) arising from a difficulty to efficiently install the boat-
containing ring system.4,5 Inspiring work by the groups of
Stegmann, Koch, Meńdez, and Gross has demonstrated that
total biosynthesis of the brasilicardin A aglycone is now feasible
on gram scale.6 Despite these key advances, access to unnatural
analogues of this secondary metabolite remains an unsolved
problem that impedes more substantial structure−activity
relationship (SAR) efforts. Such studies could identify simplified
structures that maintain high potency and that might serve as
leads for immunosuppressive drug discovery efforts.
The minimal SAR data available for 1 have implied that both

the glycosidic region and the amino acid are critical for potent
activity.7 The Jung lab probed the importance of the central ring
scaffold via the synthesis and evaluation of the unnatural
analogue 2 that they named “brasilogue”.8,9 This compound
evolved from their approximation of the requisite tether distance

between the glycosyl unit and the amino acid. However, this
bicyclic scaffold also omitted many other features including:
multiple space-filling, hydrophobic methyl groups, one hydroxyl
group, the entirety of the C ring, and a considerable amount of
rigidity between the two critical linked chemotypes. Unfortu-
nately, 2 showed none of the natural product’s immunosup-
pressive activity. The goal of our work described herein was to
see if a readily accessible, rigid yet unnatural, core scaffold would
suffice to display the polar groups at each end of the molecule in
such a way as to recapitulate the activity of the naturally
occurring immunosuppressive agent.
Recently, our group developed a cobalt-catalyzed, MHAT-

induced radical bicyclization method that efficiently produces
highly oxidized diterpene-like tricyclic products (4).10−12 We
recognized that this protocol might rapidly provide a more rigid
but still-simplified analogue of brasA, such as 3. Indeed, an
overlay of the calculated conformational minima of the
aglycones of brasA and 3 (Figure 1b) suggested a reasonable
approximation in terms of the potential display of both the
disaccharide and amino acid motifs. We considered that the
synthesis and study of the proposed analogue would be
meaningful because the closer approximation of the core
structure of 3 to that of brasA (compared to Jung’s analogue
29) could help to discern whether the unusual natural core
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structure was truly critical or if other rigid polycycles that
appropriately displayed the polar groups would suffice. Further,
if active, the significantly reduced synthetic cost could
potentially enable further SAR studies of brasA analogues.
We envisioned preparing 3 via late-stage chemoselective

glycosylation of unprotected diol 6 (Scheme 1). This strategy
has been realized by Yoshimura and co-workers5 in their brasA
total synthesis, where excellent regio- and anomeric selectivity
were observed employing glycosyl fluoride donor of type 5 (X =
F). The requisite tricyclic substrate could be synthesized using
our group’s cobalt MHAT bicyclization methodology with a
suitably protected diene precursor 7. We planned to prepare the
diene by convergent Horner−Wadsworth−Emmons (HWE)
alkenylation, which required aldehyde 8 and cyanophosphonate
9. We recently reported a synthesis of the enantiomer of 9, which
was employed in our synthesis and structural revision of
plebeianiol A.12 We were confident that this approach would
allow for rapid construction of the unnatural core of 3, further
testing the limits of the bicyclization method with the presence
of the amino acid side chain, and provide us with sufficient
quantities of a complex brasA analogue for biochemical
evaluation of immunosuppressive activity.
Although we originally developed a successful synthesis based

on a key diastereoselective aldol addition (Scheme 2),13 we were
plagued with serious issues of material throughput derived from
a problematic methylation reaction of a secondary alcohol. We
therefore elected to build the amino acid motif via Sharpless
asymmetric dihydroxylation (SAD) in a fashion related to the

work of Yoshimura, Tanino, and co-workers.5 Key to both of
these disconnections is the intermediate trisubstituted arene 10,
which has handles for both the amino acid installation as well as
a late-stage cross coupling to incorporate the propanal
substituent.
Our synthesis began with Yu’s selective iodination of

commercially available o-tolylacetic acid 13 employing palla-
dium catalysis (Scheme 3).14 After borane reduction of the
crude iodo-acid, we obtained alcohol 14 on multigram scale and
in good yield over two steps. Oxidation of 14 with the Dess−
Martin periodinane followed by Wittig alkenylation of the
unstable aldehyde in the same pot afforded acrylate 15.
Sharpless dihydroxylation of 15 using standard AD-mix

conditions provided poor levels of enantioselectivity (∼80:20
er). While β-benzyl acrylates such as 15 are a poorly developed
class of substrates for SAD chemistry, there are examples of such
reactants bearing unfunctionalized arenes that proceed with
synthetically useful levels of selectivity.15 We hypothesized that,
in our system, the ortho substituents in 15might be the source of
the problem, since there are no examples of this type reported in
the literature. After extensive screening of common ligands,16 we
eventually found that one of Sharpless’s early, monomeric
ligands, (DHQ)PHN, generated the desired diol 16 with
suitable levels of enantioselectivity (93:7 er).17

Figure 1. (a) Structures of brasilicardin A (1) and two analogues. (b)
Overlay of brasilicardin A aglycone (green) and aglycone of proposed
analogue 3 (blue) from PyMOL, minimized withωB97X-D/6-31G(d).

Scheme 1. Retrosynthetic Analysis of brasA Analogue 3
(HWE = Horner−Wadsworth−Emmons Alkenylation)

Scheme 2. Two Possible Plans for the Synthesis of Aldehyde 8
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We next shifted our efforts toward installing the anti-amino
alcohol functionality. To accomplish this goal, we nosylated the
α-hydroxyl moiety and displaced it with sodium azide following
a protocol reported by Sharpless.18 Importantly, this reaction
proceeded in excellent yield producing ample quantities of azide
17. At this stage, we methylated the secondary alcohol with
Meerwein’s salt and then subjected the azide to reduction with
SnCl2 (chosen to avoid reduction of the aryl iodide) along with
in situ protection as the benzyl carbamate 18. While we hoped to
incorporate the 3-carbon propanal unit through a Jeffery−Heck
reaction with allyl alcohol,19 this reaction proceeded in low yield
while generating large quantities of the corresponding over-

oxidized cinnamaldehyde. We never managed to suppress
formation of this undesired side product, but ultimately
circumvented this issue by performing a three-step sequence
of Stille allylation, hydroboration, and Parikh−Doering
oxidation to yield the desired aldehyde 20. Although this
sequence proved lengthy, we found it suitable for exploring the
later stages of our synthesis because it could produce ample
quantities of 20.
The desired enantiomer of cyanophosphonate 24 was made

following our previously reported procedures.12 This compound
is available in six steps from commercial materials in excellent
levels of enantiopurity (98:2 er) using (DHQ)2PHAL as a chiral

Scheme 3. Synthesis of Coupling Fragments 20 and 24

Scheme 4. Synthesis of the Targeted brasA Analogue 3a

aFor the X-ray crystallographic structure of 27, the thermal ellipsoid plot is shown at the 50% probability level.
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ligand (Scheme 3). While we previously observed good
selectivity (97:3 er) with (DHQD)2PHAL for our work toward
plebeianiol A, initially only modest selectivity (90:10 er) was
observed under the same conditions with (DHQ)2PHAL in this
context. We found, however, that simply tailoring the catalyst
and ligand loadings furnished the corresponding diol in high
enantiopurity (98:2 er) and on a gram scale.
With access to suitable quantities of aldehyde 20 and

cyanophosphonate 24, we executed the convergent HWE
alkenylation reaction (Scheme 4). Employing KHMDS at
cryogenic temperatures, we observed efficient and highly
stereocontrolled (>20:1 Z:E) alkene formation. Upon treatment
of this diene (25) with our standard cobalt-catalyzed, MHAT-
initiated radical bicyclization conditions, we observed high-
yielding formation of the desired tetracyclic product 26 with
complete diastereocontrol, as expected on the basis of our
previous work.11,12 This reaction could be performed on a >1.0
mmol scale producing >600 mg of the protected aglycone of our
targeted brasA analogue 3.
At this stage, we needed to remove protecting groups and

couple the disaccharide unit to our unnatural tricyclic scaffold.
Using deprotection conditions reported by Ley,20 we cleaved the
butanedione acetal with aqueous trifluoroacetic acid to provide
diol 27. Fortunately, this compound proved to be highly
crystalline, which allowed confirmation of its configuration via
X-ray crystallographic analysis. For the final phase of the
synthesis, we investigated the regioselective glycosylation of 27.
Glycosylation using Jung’s trichloroacetimidate 28 with
monoprotected brasA-type diols has been effected successfully,4

as well as recently with an unprotected diol.6 While we prepared
28 and attempted its coupling with 27 under typical Schmidt
conditions,21 we obtainedmixtures of anomeric compounds that
were difficult to purify. Instead, on the basis of the procedure of
Yoshimura and Tanino,5 we executed regioselective glycosyla-
tion with fluoride 29, which provided a crude glycoside with
high selectivity for 30. The glycosylated product was
immediately deprotected via basic hydrolysis with KOt-Bu and
palladium-catalyzed hydrogenolysis to afford 3 in ∼45% yield
over three steps. We were able to generate ∼7 mg of analogue 3
via the final 17-step longest linear sequence (LLS), thus
providing sufficient material for biological testing.
To test the immunosuppressive potential of analogue 3, we

used two cell-based assays commonly used to study mTOR
inhibitors such as rapamycin. mTOR is a kinase that senses
signals from both growth factors and nutrients to promote cell
growth and proliferation.22,23 First, we measured cell cycle
distribution in IL-2-dependent CTLL-2 cells treated for 24 h
with 3 (30 or 100 nM) or rapamycin (100 nM) (Figure 2).
Whereas rapamycin consistently slowed the cell cycle as
measured by an increase in the percentage of cells in G1 phase
and decrease in S and G2 phases, the brasA analogue did not
alter cell cycle distribution compared to untreated control. Next,
we measured the phosphorylation of mTOR kinase substrates:
eIF4E-binding protein-1 (4E-BP1, a direct substrate of mTOR
complex-1) and ribosomal S6 (a substrate of S6 kinases
downstream of mTOR complex-1). As expected, rapamycin
strongly suppressed p-S6 and partially reduced p-4E-BP1.16,22,23

In cells treated with 3, there was no change in substrate
phosphorylation.16

We have generated a structurally complex analogue of the
potent immunosuppressive agent brasilicardin A, whose rigid
tricyclic core was designed to mimic that of the natural product
and thus to hold the disaccharide and amino acid motifs in a

similar orientation. The synthesis leveraged a cobalt-catalyzed,
MHAT-initiated radical bicyclization in a particularly complex
setting, further demonstrating the utility of this (and other)
radical-based polyene cyclizations to make polyfunctional
targets. Although the targeted analogue did not show
immunosuppressive activity in our biological evaluations, this
project did provide new information.While the lack of activity of
Jung’s earlier, flexible “brasilogue” 2 was attributed to a lack of
rigidity of the scaffold used to space the disaccharide and amino
acid structures, we have now shown that rigidity in the spacing
unit is not sufficient, and that is in spite of the fact that structural
overlay of brasA and our analogue suggested strong structural
similarities. Of course, the axial nitrile in our analogue, which is
critical to the chemistry we used to generate the molecule, could
be the culprit involved in abolishing activity. In any case, our
work adds to the minimal available structure−activity relation-
ship information available for brasilicardin A and suggests the
possibility that it is a trifunctional molecule, wherein the identity
of the diterpenoid core is as critical as the two polar groups at
each end.
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