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Evolution of an oxidative dearomatization enabled
total synthesis of vinigrolt

Qingliang Yang,? Cristian Draghici,® Jon T. Njardarson,*° Fang Li,® Brandon R. Smith®
and Pradipta Das”

The evolution of the synthetic strategy resulting in a total synthesis of vinigrol is presented. Oxidative
dearomatization/intramolecular Diels—Alder cycloaddition has served as the successful cornerstone for all
of the approaches. Extensive radical cyclization efforts to form the tetracyclic core resulted in interesting
and surprising reaction outcomes, none of which could be advanced to vinigrol. These cyclization
obstacles were successfully overcome by using Heck instead of radical cyclizations. The total synthesis
features a trifluoroethyl ether protecting group being used for the first time in organic synthesis. The logic
of its selection and the group’s importance beyond protecting the C8a hydroxyl group is presented along
with a discussion of strategies for its removal. Because of the compact tetracyclic cage the route is built
around many unusual reaction observations and solutions have emerged. For example, a first of its kind
Grob fragmentation reaction featuring a trifluoroethyl leaving group has been uncovered, interesting
interrupted selenium dioxide allylic oxidations have been observed as well as intriguing catalyst and coun-
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Introduction

Diterpenoids are an important family of natural products,
which contain an incredible diversity of fused and bridged
bicyclic architectures ranging from simple to complex struc-
tures such as the cancer chemotherapeutic agent paclitaxel®
(Taxol®). Many of these diterpenoid natural products contain
rare and synthetically challenging arrangement of atoms such
as anti-Bredt olefins (paclitaxel and CP-263,114%), inside-out
bridged bicyclic ring systems (ingenol® and hypoestoxide®)
and the bis-axially bridged cis-decalin structure of vinigrol
(1, Fig. 1). The structural diversity, unusual architectures and
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Fig. 1 Vinigrol structural perspectives.
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terion dependent directed hydrogenations.

promising biological profiles of members of this family of
natural products attracted our interest. We initiated a research
program dedicated to their synthesis and systematic evaluation
of their biological capabilities enabled by the power of diverted
total synthesis.® To date we have synthesized an atropisomer
of hypoestoxide,” the core of platensimycin® and several
members of a labdane diterpenoid family.’ In this article we
present the full extent of our efforts, which resulted in a suc-
cessful total synthesis of vinigrol.*°

Vinigrol’s unique structure, which is displayed using four
different perspectives in Fig. 1, was first reported in 1987."
Like Taxol®, it contains a similar [5.3.1]-bicyclic core except
with an additional fused six-membered ring. Perhaps a more
helpful way to describe its special architecture is as a densely
decorated cis-decalin core with a four carbon bicyclic tether
bridging the two six-membered rings. Extensive evaluation of
vinigrols biological profile revealed promising activities
impacting targets ranging from cancer to HIV.'> Vinigrol’s
unprecedented structure immediately attracted the interest of
synthetic chemists from around the globe, as reflected by the
numerous publications spanning two decades presenting crea-
tive and dedicated efforts by many different research
groups.*'* Twenty two years after its structure was disclosed,
Professor Baran completed the first total synthesis of vini-
grol."” Professor Barriault has since completed a formal syn-
thesis of vinigrol.*®

Our vinigrol retrosynthesis is outlined in Fig. 2. We envi-
sioned a late stage C-C bond carbanion mediated

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Njardarson group vinigrol retrosynthesis.
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fragmentation to form the unusual decalin bridged vinigrol
ring system from protected tetracyclic precursor 2. The func-
tional groups (ester and an anion initiating group) needed for
the fragmentation step would be constructed from methyl
acetal 3. We hoped that the challenging C8 and C9 methyl
stereocenters could be installed in a substrate controlled
manner in a single step by catalytically hydrogenating two exo-
cyclic olefins, which we believed could be easily accessed from
ketone 4. A key retrosynthetic design feature was a 6-exo/6-exo
ketyl radical cyclization cascade (5 — 4), which we hoped
would not only create the tetracyclic cage, but also correctly
install the C4-hydroxyl stereocenter. The second key design
feature is a one pot oxidative dearomatization/Diels-Alder
cycloaddition reaction (6 — 5). Resorcinol precursor 6 would
be decorated with an electron withdrawing group (P) whose
purpose is to guide the oxidative dearomatization reaction
towards the allylic ether site. Oxidative dearomatization precur-
sor 6 would be assembled from mono protected resorcinol
derivative 7 and phosphonate 8. We were convinced that this
retrosynthetic outline was flexible enough to provide us with
many options to address the synthetic goals presented.

Outlined in Fig. 3 is the most ambitious version we pro-
posed would be possible for the radical cyclization cascade.
We envisioned that this dream cascade could be made possi-
ble using several equivalents of samarium(u) diiodide in the
appropriate solvent. The aldehyde would be reduced first to a
ketyl radical, which would then undergo the above discussed
6-exo/6-exo radical cyclization cascade. With the tetracyclic
cage constructed the ketone would then be reduced to a ketyl
anion, which would eliminate the adjacent C-O carboxylate
ester'” and then undergo a second reduction, followed by elimi-
nation of methoxy and formation of a samarium enolate. The
samarium enolate would then be primed for a perfect retro-
Michael fragmentation reaction to form the vinigrol core.
Thus, in this one pot samarium mediated cascade, two C-C
bonds would be formed and two C-O bonds and one C-C
bond would be broken.

The tetracyclic core (Fig. 4) is a key intermediate target
structure, whose shape we planned to leverage to install the
C4, C8, C9 and C12 stereocenters. We were confident that the
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cyclization cascade plans could be realized. Not only because
the target rings are of optimal size (six membered), and the
cyclization modes are ideal (6-exo only), but because the target
tetracyclic core provides us with many options to assemble it.
For example, a cyclization could be initiated from the front or
back and the same vinyl iodide precursor could serve as either
an initiating site for a radical or a palladium cyclization
cascades.

The following schemes detail the evolution of our synthetic
route, with discussion of the obstacles we have faced and how
they were overcome to complete the total synthesis of vinigrol.

Result and discussion

Summarized in Scheme 1 are our earlier cyclization attempts
to build the tetracyclic cage.'® In all cases, the central oxidative
dearomatization/Diels-Alder cycloaddition cascade proceeded
as expected to deliver the radical cyclization precursors (9, 12
and 15). Attempts to convert aldehyde 9 into tetracyclic cage
structure 11, and realize key elements of the cascade dream
presented in Fig. 3, failed to form 11 and only afforded cyclo-
hexanol 10. We were delighted to learn that as proposed the
6-exo ketyl radical cyclization formed the C4-hydroxyl stereo-
center with the correct configuration needed for the vinigrol
synthesis. Unfortunately, in this “front-to-back” cyclization
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Scheme 1 Njardarsons group earlier tetracyclic core attempts.

attempt the intermediate radical reduced faster than it could
undergo a second cyclization. Taking advantage of the flexi-
bility of our synthetic route, we synthesized a second substrate
(12), which we believed would provide the intermediate radical
with a better chance of undergoing the second cyclization. We
speculated that this new “back-to-front” cyclization substrate
had a better shot due to the fact that the starting vinyl radical
would form a tri-substituted endo-cyclic olefin, thus generating
an initial six-membered ring containing two sp>-hybridized
carbon, compared to a ring containing only sp*-hybridized
carbons as in the case of 10. This difference in hybridization
would create more room for the second cyclization to proceed.
Furthermore, we also changed the second radical acceptor
from a terminal olefin to a terminal alkyne thus creating even
more room for the second cyclization to succeed. Despite
these significant structural changes, vinyl iodide 12 failed to
form tetracyclic cage 14 and only formed mono-cyclization
product 13. We then turned to a stepwise solution wherein a
radical mono-cyclization was followed by a ring closing meta-
thesis reaction. Vinyl iodide 15 was cyclized to diketone 16,
which was then subjected to a double Petersen olefination.
The resulting tetraene (17) was then successfully cyclized to
tetracycle 18 using the Hoveyda-Grubbs second generation
catalyst'® in the presence of benzoquinone® to suppress
unwanted olefin isomerization.

Encouraged by the rapid and successful assembly of tetra-
cycle 18, we set out to synthesize a more synthetically attractive
substrate containing the C16-hydroxy group instead of an
undesired methylene carbon at C4 (Scheme 2). Towards that
end, cuprate addition to propargylic alcohol 20 afforded diene
21 as a single olefin isomer, which was then protected to
afford known allyl methyl ether 22.>" Iododesilylation (23) fol-
lowed by selective dihydroxylation and oxidative cleavage of
the more electron rich olefin afforded aldehyde 25. Wittig
homologation and reduction of the resulting enoate (26)
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Scheme 2 Modified front to back stepwise radical approach.

yielded allylic alcohol 27. Oxidative dearomatization of com-
mercially available symmetrical pyrogallol derivative 28 in the
presence of excess 27 produced cycloadduct 29 in modest
yield. Use of hexafluoro-isopropanol (HFIP) as co-solvent in
this reaction is critical for successful trapping of the inter-
mediate cyclic pentadienyl cation with alcohol 27 followed by
in situ intramolecular Diels-Alder cycloaddition. With 29 in
hand we were ready to subject it to the sequence that was so
successful in converting 15 to tetracyclic cage 18. We were sur-
prised and disappointed to learn that none of the desired cycli-
zation product (35) was formed. The initially formed radical
(30) took an unexpected 1,7-hydrogen abstraction pathway (31)
followed by a 5-exo cyclization to form 32 and intermediate 33,
which then underwent a second cyclization to 34.

Undaunted by this temporary setback, we decided to take
advantage of the synthetic flexibility our tetracyclic cage pres-
ented us with (Fig. 4). We decided to change the cyclization
mode from “front-to-back” (Scheme 2) to “back-to-front”
(Scheme 3), and to employ a substrate (43) that would be struc-
turally less likely to undergo any unwanted allylic abstractions,
and instead, only form desired product 48. With 48 in hand,
our hope was to subject the aldehyde 49 to a simple intramole-
cular condensation reaction to form tetracyclic cage 50, which
we believed contained all of the necessary functionalities to be
advanced to vinigrol.

This journal is © The Royal Society of Chemistry 2014
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Our synthesis commenced by a Horner-Wadsworth-
Emmons union between known phosphonate 36'® and known
aldehyde 37.>> Dibal reduction of 38 afforded 39, which was
then attached to dearomatization precursor fragment 40>
using a Mitsunobu reaction. Our hope was that by connecting
the allylic alcohol fragment 39 to the aromatic group there
would be no need to use excess alcohol or worry about the
efficiency of the trapping of the reactive intermediate, which
had plagued formation of 29 earlier. The role of the benzoate
group was not only to protect what would eventually become
the C8a alcohol, but also to guide the trapping of the dearoma-
tization intermediate with methanol towards the allylic ether
site. We were gratified to learn that this design logic was
indeed feasible, affording bicyclic product 42 in much higher
yield than 29. Enal 42 turned out to be a poor radical cycliza-
tion substrate. Therefore we decided to reduce the aldehyde to
an alcohol (43). This time, the expected radical cyclization did
indeed take place as planned. The only problem was that
instead of getting reduced from outside the cage, as 15 had
done, radical intermediate 44 was partially reduced to the
other epimer (45). The bulk of the material underwent an
unexpected 1,6-hydrogen abstraction (46) followed by a 6-exo-
trig radical cyclization to form hemiacetal 47 and none of the
desired ketone 48.

Before giving up on the radicals we decided to evaluate one
more substrate variation (Scheme 4). To suppress the
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competing intramolecular hydrogen abstraction pathway, we
substituted the propionitrile fragment from Scheme 3 with a
TBS-protected methylene alcohol (56). Towards that end, we
devised a scalable one pot synthesis of enoate 52 from allylic
bromide 51.>* Mitsunobu reaction with catechol 40 selectively
functionalized the more activated phenol. Allylic ether 54
underwent the oxidative dearomatization/intramolecular
Diels-Alder cycloaddition reaction to form 55. Luche reduction
then afforded radical cyclization precursor 56. Treatment of 56
with standard radical cyclization conditions did indeed result
in a successful cyclization. Unfortunately, although for this
substrate an allylic abstraction pathway was not feasible, we
did not get any of the desired product, but instead only 57,
resulting from reduction of the intermediate radical from
inside the cage. We felt that this situation could perhaps be
salvaged by creating a substrate (58) that would not be limited
by this unfavorable reduction scenario and would instead
allow us to pursue alternate reduction approaches. Olefination
of aldehyde 55 proceeded smoothly, affording diene ester 58.
Our hope was that 58 would cyclize to form 62, which could
then be advanced to highly functionalized tetracyclic cage pro-
ducts such as 63. Although 62 did not form, an alternate

Org. Biomol. Chem., 2014, 12, 330-344 | 333


http://dx.doi.org/10.1039/c3ob42191k

Published on 21 November 2013. Downloaded by University of California- San Diego on 01/10/2014 08:08:23.

Paper

Heck-Stille Cyclization/Cross-Couping Cascade
OP OP

CO,Et
o} o)
1| Zeo |
: PdL |.SMRs_ o o COEt
0

Stille O o oP
4 65 66

op
= =
o o o o
~o7 "7 OFPd,,|~o PdL | pdL, ~0 0
Heck Heck
68 o

07 PO I'g7 o OP

Scheme 5 Retire radicals — begin palladium chapter.

useful product (59) was afforded in high yield. This product,
exo-olefin 59, is primed for catalytic hydrogenation exploration
to set the propionate ester fragment inside the cage for later
condensations. Unfortunately, extensive evaluation of diverse
set of hydrogenation conditions only afforded ester 60, which
has the incorrect propionate ester epimer. The only silver
lining was the confirmation of our substrate controlled hydro-
genation thesis to install the C9-methyl group with the correct
stereochemistry. We also evaluated bases in attempt to set the
correct stereochemistry for the tether, but again, only the
undesired epimer (61) was formed and none of 62.

Unable to get the radicals to cyclize to products that we
could advance towards vinigrol we turned our focus to palla-
dium cyclizations (Scheme 5). As discussed earlier (Fig. 4),
many of our radical cyclization substrates can also serve as pal-
ladium cyclization substrates. The advantage of a palladium
approach over a radical cyclization approach is that the bond
forming is mechanistically controlled (initial syn-palladation
sets the desired bond relationship) compared to the radicals,
which have other pathway choices, such as unwanted
reduction and hydrogen abstraction pathways. Of course, when
sterics are considered, the radicals are much “smaller” than
the palladium intermediates and the question we were most
concerned about was whether palladium could operate in such
close quarters. We decided to evaluate two complementary
approaches. The first would involve an initial 6-exo-trig Heck
cyclization (64 — 65) followed by an intermolecular Stille
cross-coupling between hindered palladium intermediate 65
and stannane partner, such as 59. The second scenario is
reminiscent of key parts of our dream sequence (Fig. 3),
wherein a tandem 6-exo cyclizations was envisioned to stitch
up the tetracyclic cage in one swoop. In this case, we plan to
evaluate the palladium catalyzed conversion of 67 to 69.

Our route towards the first palladium cyclization test sub-
strate (77) is shown in Scheme 6. Enoate 70 was made in one
pot from 51 and then reduced to allylic alcohol 71. Phenol 72
was used for the Mitsunobu coupling. Selective derivatization
of pyrogallol or simply pyrogallol precursors failed to provide
reliable and efficient access to 76, which is why pyrogallol sur-
rogate 72> was employed. Reduction of 73 afforded resorcinol
derivative 74. Our next task was to derivatize the phenol with
an electron withdrawing group whose primary purpose would
be to direct the oxidative dearomatization reaction and to tame
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the resulting enol ether moiety so that the intramolecular
Diels-Alder cycloaddition could proceed. Earlier (9, 12, 41 and
54) we had used either a sulfonamide or a benzoate for this
purpose. Unfortunately these groups did not survive or drasti-
cally impeded the Dakin oxidation needed to form the oxi-
dative dearomatization precursor. To solve this we needed an
electron withdrawing group that was more robust, smaller and
slightly less deactivating. We chose a trifluoroethyl group for
this purpose (75). Dakin oxidation of 75 proceeded fantasti-
cally well when boronic acid*® was used as an additive (76).
The proposed oxidative dearomatization/Diels-Alder cyclo-
addition cascade proceeded favorably to form desired product
77 using trifluoroethyl ether as a deactivating group.

With vinyl iodide 77 in hand we were now in a position to
test the first palladium cyclization hypothesis (Scheme 7). We
were delighted to learn that upon treatment with vinyl tributyl-
stannane and a palladium(0) catalyst, 77 was converted in high

OBn OBn
OPn\/kBu;,Sn/\
o Pd(PPhs), o ’W\ o I
7 THF, 85 °C Ba .
| 1 ) ]
72% \ PPh; =
6”00 o O/oo\\ 1 O/oo\\
77 CF; 78 CF, 79 CF,
o)
80
N : = :
Buasn/\)J\OMe ' Pd(PPhs), o
Pd(PPh), i PRLTHF 7 0
DMF, 85 °C ; Ref. 27 ' "PPhy |
75%  ttmmmmmmommmmees (‘) En- ------------------- !
82 OBn
OBn
o | Bu3Sn/v o |
Pd(PPhs),
! COMe 47 150°C i ==~"0Bn
0”00 91% 0”60
81  CF, 83 CF;

Scheme 7 Palladium (route 1) — cascade works.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3ob42191k

Published on 21 November 2013. Downloaded by University of California- San Diego on 01/10/2014 08:08:23.

Organic & Biomolecular Chemistry

yield to desired diene product 79. Interestingly, when this reac-
tion was done with a stoichiometric amount of palladium we
could isolate and characterize rare palladium intermediate
78,>” which could then be treated with vinyl tributylstannane
to form 79. More functionalized stannanes 80 and 82 also par-
ticipated in this palladium cascade in partnership with 77 to
form 81 and 83, respectively.

Following a successful execution of the proposed palladium
cascade, we decided next to tackle olefination of the C8-ketone
(84, Scheme 8). For this task we chose to employ ketone 83.
We were hopeful that this could be accomplished in a single
step as we had done for ketone 16 (Scheme 1) using a Peterson
olefination protocol. We were not surprised to learn that stan-
dard Wittig and Julia olefination type processes failed to
convert 83 to 84 as this was a lesson we had also learned for
16. We were hopeful that the Peterson approach would work.
Unfortunately, the slight structural change from a methyl- (16)
to a trifluoroethyl- (83) protected C8a-alcohol was enough to
block this olefination approach. We reasoned that a smaller
nucleophile was needed to address this challenge, and we
turned our attention to addition of a methyl group with the
goal of dehydrating the resulting tertiary alcohol (85). Addition
of a methyl Grignard reagent to 83 was successful, but resulted
in the formation of a poor epimeric mixture of 85. This in
theory should be inconsequential for the following step(s), but
we soon learned that it was easier to further functionalize or
activate endo-epimer 85 than the exo-epimer of 85. This tem-
porary obstacle was solved by performing the Grignard
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addition in the presence of magnesium bromide,*® which
resulted in the exclusive formation of 85. Direct dehydrations
to form 84 from 85 were low yielding and inconsistent. We
solved this dehydration problem by derivatizing 85 as a
xanthate (86) and then subjecting it to a thermal Chugaev
elimination to form triene 84. Xanthate 86 provided us with an
opportunity to set the C8-methyl stereocenter using radical
reduction protocols. We evaluated several initiators and
hydride sources. Although the reduction of the xanthate pro-
ceeded in high yield, the epimeric C8-mixture was in all cases
highly unfavorable, with the undesired epimer (87) being the
major one. To further complicate things, low level calculations
and epimerization studies of the ketone resulting from
opening of the acetals of 87 and 88 revealed that epimer 87
was the thermodynamically favored one.

We constructed triene 84 in hopes that we could form 91,
wherein in one pot three double bonds would be reduced and
two benzyl groups cleaved and in doing so installing the criti-
cal methyl stereocenters C8 and C9. Using high pressure and a
palladium catalyst we could indeed reduce everything we
wanted to in one pot. The only problem was that the C8 olefin
reduction resulted in the formation of the incorrect methyl
epimer (90). This presented us with a major obstacle, as clearly
the tetracyclic shape was resisting functionalization as evident
from our reduction and epimerization attempts. We wondered
whether it would be possible to use the ethers of the adjacent
acetal to direct the hydrogenation of the C8-exocyclic olefin.
For this to be successful, the catalyst would need to preferen-
tially bind to the furanyl ether over the methyl ether. It was not
clear a priori if a catalyst directed reaction could even be
accomplished in such a sterically congested setting and if any
selectivity could be expected. Undeterred by these uncertain-
ties, we set out to evaluate this approach. After extensive experi-
mentation we found an excellent solution in the form of
Pfaltz’s> version of Crabtree’s catalyst.>® Using this catalyst
and high pressure of hydrogen, we were able to convert triene
84 to 89 with complete C8-selectivity.

With 89 in hand, we set out to complete a synthesis of the
tetracyclic cage and further advance towards vinigrol
(Scheme 9). Exhaustive reduction of 89 in the presence of pal-
ladium on carbon and high pressure of hydrogen reduced the
remaining olefin and cleaved the benzyl protecting groups

Ho (1000 psi)

DMP
NaHCO;
Pd/C EtOAc CHZCIZ
2%

BnoNH,TFA
% toluene

o}

\o% >

DIBALH

CH2CI2 -78°C
64% (3 steps)

Scheme 9 Palladium (route 1) — tetracyclic cage synthesis.

Org. Biomol. Chem., 2014, 12, 330-344 | 335


http://dx.doi.org/10.1039/c3ob42191k

Published on 21 November 2013. Downloaded by University of California- San Diego on 01/10/2014 08:08:23.

Paper

(91). As demonstrated earlier for reduction of 59 and 84, the
C9-methyl stereocenter of 91 was predictably set using sub-
strate control. Both alcohols were then converted to aldehydes
(92) and then subjected to a condensation reaction mediated
by dibenzyl ammonium trifluoroacetate® to stitch up the tetra-
cyclic cage (93). With this exciting milestone behind us, we set
out to install the C4-hydroxyl group (95), the last remaining
challenge before unraveling the vinigrol core via a fragmenta-
tion. Unfortunately, all attempts to access 95 from 93 or 94 in
one step or many using directed or non-directed strategies met
with failure.

The failure of forming 95 could be contributed to a steri-
cally congested system, wherein the six-membered ring that
needs to be functionalized is permanently locked in a boat
conformation with the C8a-protected hydroxyl group in axial
position thus blocking approach of reagents. Our extensive
explorations provided us with a key clue when we learned that
a directed epoxidation of 94 (not non-directed) was possible.
Although this product could not be advanced we used these
insights to guide our next strategic decision, which was to
target the tri-substituted olefin isomerized variant of 94. We
were confident that this isomer could also be epoxidized, thus
installing the C4-hydroxyl stereocenter directly. In order to
quickly put this hypothesis to the test, we first tried to catalyti-
cally isomerize the olefin of 94. Unfortunately, all such
attempts failed. We therefore set out to execute our next
blueprint.

Inspired by the palladium cascade cyclization success of
vinyl iodide 77, we decided that this would be a perfect oppor-
tunity to test the double Heck cyclization cascade® outlined in
Scheme 5. Towards that end, we set out to synthesize the requi-
site palladium cyclization precursor (103, Scheme 10). This
was accomplished using the synthetic lessons from our earlier
sequences. Horner-Wadsworth olefination of aldehyde 25 with
known phosphonate 96*° afforded enoate 97 (Scheme 10).
Ester reduction, Mitsunobu coupling with 72 and reduction of
the lactone afforded aldehyde 100. Trifluoroethyl ether protec-
tion and Dakin oxidation proceeded uneventfully. Oxidative
dearomatization of phenol 102 then afforded palladium cycli-
zation precursor 103. We were delighted to learn that our pro-
posed 6-exo-trig/6-exo-trig palladium cyclization cascade could
indeed be realized (104) with relatively standard reaction con-
ditions apart from the choice of solvent (trifluorotoluene).
Remarkably, the complex and compact tetracyclic core was
assembled from a simple achiral acyclic precursor (102) in
only two steps using this approach.

The conditions needed to convert 102 to 103 are worth dis-
cussing as they differ significantly from the standard reaction
conditions we had applied for 41, 54 and 76. Key insights into
our extensive optimizations of this reaction are shown in
Table 1. Attempts to apply the same reaction conditions used
before were met with little success, producing the desired
product in only 10% yield. Changing the solvent or increasing
the temperature did not provide any improvements. We sus-
pected that the oxidant (phenyliodonium diacetate, PIDA) was
slowly decomposing at higher temperatures. Using this clue,
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Scheme 10 Palladium (route 2) — tetracyclic cage synthesis.
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Table 1 Oxidative dearomatization optimization studies

o —
conditions  ~—q@ 71 OMe
_Table1
ol
[N OMe (
103

CF3
Temp.” Time* Conc.”
Solvent (°C) Base (hours) (M) Yield
MeOH 60, 60 — 2.5,4.0 0.01 10%
DCM 60, 60 — 2.0, 1.5 0.01 10%
Toluene 60, 60 — 2.5,4.0 0.01 6%
Toluene 110, 110 — 1.5,2.0 0.01 0%
MeOH -78, 60 — 1.0, 3.0 0.01 15%
MeOH —40, 60 — 1.0, 2.0 0.01 15%
CF,CH,0OH -40,60 — 1.0,2.0  0.01 21%
CF,CH,OH —40,60  NaHCO, 1.0,2.0  0.01 30%
CF;CH,OH —40, 60 2,6-Lutidine 1.0, 2.0 0.01 35%
CF,CH,0OH -40,60  2,6-Lutidine  1.0,2.0  0.005 53%
CF,CH,0H -40,60  2,6-Lutidine  1.0,2.0  0.0025  64%

“First number refers to the temperature/addition time during addition
of oxidant (PIDA) while the second number refers to the reaction
temperature and time post addition of oxidant. ? Final concentration.
For large scale batches the reaction was diluted with toluene.

we performed the oxidative dearomatization at lower tempera-
tures (—78 °C and —40 °C), and the applied heat once we were
convinced the oxidation was completed to aid the subsequent
intramolecular Diels-Alder cycloaddition (60 °C). These modi-
fications resulted in marginally improved yields (15%). It is
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well established that trifluoroethanol can be a beneficial
solvent for oxidative aromatization reactions.*® When we
employed trifluoroethanol, the reaction yield doubled as com-
pared to the first run (21%). An inorganic base (NaHCO;) was
then added to the reaction in efforts to neutralize the reaction
(the oxidant releases acetic acid) and suppress unwanted acid
catalyzed decompositions. This modification further improved
the yield to 31%. Using 2,6-lutidine instead of NaHCO;
resulted in slightly better and consistent results. The final
optimization modification, which resulted in a significant
improvement in yield (53% and 64%), was to dilute the reac-
tion. Our reason for dilution was that the intermediate reactive
diene could perhaps more readily undergo self dimerizations
instead of the desired intramolecular cycloaddition and that
this competitive pathway could be blocked by controlling the
concentration of the reaction. In a typical procedure, the start-
ing material was dissolved in trifluoroethanol and cooled to
—40 °C, 2,6-lutidine was then added, followed by dropwise
addition of PIDA (1.05 equivalents). After stirring at —40 °C for
1.0 h, the reaction solution was diluted with trifluoroethanol
to the concentration of 0.0025 M. The solution was then
heated to 60 °C and stirred for 2 hours. Removal of solvent
and 2,6-lutidine in vacuo followed by silica gel column chrom-
atography afforded 64% yield of desired compound.

With tetracyclic structure 104 in hand we were ready to
apply the cage functionalization lessons of 83 (Scheme 11). We
decided to alter the sequence of events slightly, by first hydro-
genating the C9-exo-olefin to form the C9-methyl stereocenter
(105). Grignard addition (106) and the Chugaev elimination
approach, which we had developed, worked and provided us
with exo-olefin 108.

In trying to replicate the excellent directed hydrogenation
results we had achieved earlier (84, Scheme 8) for 108 we
found that using the Pfaltz ligand system®® instead of the

Hy (1000 psi) MeMgBr
“JOMe Pd/C MgBr2 Et,0
__EtOAc o °C tor. t.
0,
OP 104 o~ T
P = CH,CF3
ﬁOMe CSz ﬁOMe toluene
110°C
\n/ OP 107 79% (2 steps)
S
T
Cy,P.+ N
A BAF,,
o
-0 “QOMe w o “QOMe
H, (1 atm), CH,Cl §
OP 108 2 ( 942% 2v2 OP 409
OMe )\OMe
H, (1 atm), CH,Cl,
97% P 100 110

Scheme 11 Palladium (route 2) — C8 and C8-methyl groups.
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Crabtree ligand system, while still maintaining the same coun-
terion, to be more reproducible and reliable in accessing 109.
Using this catalyst, the C8-methyl stereocenter was selectively
and efficiently installed. When the usual Crabtree catalyst is
employed, the exo-olefin is reduced but with no selectivity.

With the C8 and C9-methyl stereocenters successfully set, we
focused our attention to installing the secondary C4-hydroxyl
group. We had hypothesized, based on our earlier results, that
the sterically congested tri-substituted olefin could be epoxi-
dized using a directed approach. Allylic methyl ether 109 was
selectively transformed to enal 111 using selenium dioxide.*
Reduction afforded allylic alcohol 112, which we were delighted
to learn underwent a smooth and selective epoxidation (113).
With the C4-oxygen correctly installed we needed to find a way
to convert epoxy alcohol 113 to allylic diol 114 and thus com-
plete the vinigrol pre-fragmentation core. However, attempts to
open epoxide 115 with bases or Lewis acids*® proved unfruitful,
leading to unreacted starting material, decomposition or unpro-
ductive reductive opening of the epoxide.

With one step conversions of 113 to 114 unsuccessful, we
turned our focus to alternative solutions (Scheme 13). Towards
that end, alcohol 113 was iodinated (114) and the iodide was
treated with zinc®” to open the epoxide and form 115. Our plan
was to use allylic oxidation approaches to convert 115 to 95.

SeO,
pyridine DIBALH
benzene toluene
__80°C _-18°C_
96% 96%
o]

P = CH,CF;3

m-CPBA
CHCl, OH
_0°Clort, O }
D
OP 412 89% OP 113

bases and o

Lewis Acids T~ OH

OH
OP 95

Scheme 12 C4-hydroxyl installation attempts.
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Scheme 13 Palladium (route 2) — installing C4-hydroxyl.
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Scheme 14 Carbanion mediated fragmentation options.

Interestingly, when exo-olefin 115 was treated with sele-
nium dioxide none of the typical product (118) was formed,
but instead a mixture of 116 and 117. This welcomed result
was one in which the steric hindrance of the cage again played
a key role by interrupting the second step of the selenium oxi-
dation resulting in a dissociation/recombination®® instead of a
sigmatropic rearrangement. The aldehyde and acid oxidation
states are the result of selenium dioxide over oxidation. Alde-
hyde 116 was converted in a single step to 95, while carboxylic
acid 117 was esterified prior to being reduced to 95.

Two types of fragmentation approaches were most appeal-
ing to us (Scheme 14), a Grob fragmentation®® (two left
images, lg = leaving group) and a samarium(u) iodide*’
mediated fragmentation (two right images). In both cases, we
envisioned that the fragmentation could be initiated by a car-
banion or a ketyl radical from either the top or the bottom of
the tetracyclic cage. Although the most common form of
samarium(u) iodide mediated C-C cleavages is that of strained
ring systems, especially cyclopropane and cyclobutane
systems, examples of larger ring or no-strain systems are rare
in the literature.*’ We believed that, in the case of vinigrol
such a fragmentation is feasible due to favourable release of
strain energy when the tetracyclic cage is opened.

Our first fragmentation substrate (122, Scheme 15) was
readily prepared in few steps from acetal 109. The most critical
step of this short sequence was the opening of the acetal
without epimerization of the adjacent C8-methyl stereocenters.
This was accomplished using lithium tetrafluoroborate.** Oxi-
dation of the resulting alcohol (119), methyl Grignard addition
and oxidation of secondary alcohol 121 afforded diketone frag-
mentation precursor 122. Surprisingly, when 122 was sub-
jected to the reaction conditions reported to be successful for
samarium(i) diode mediated 1,4-diketone fragmentations, the
expected C-C fragmentation (124) did not take place, instead
pinacol coupling product 123 was the only product isolated. In
addition to the convincing 2D-NMR characterization data, the
structure of 123 was further confirmed when it was treated
with lead(wv) acetate and was shown to clearly revert back to
122. We wondered if the samarium intermediate was forming
a chelate between the two ketyl moieties, and that this chelate
was favoring formation of 123. It has been reported that
HMPA®® is effective in preventing or slowing down such che-
lates in samarium reactions. Unfortunately, in our case it did
not alter the outcome.
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Scheme 16 Samarium keto-ester fragmentation attempt.

Dissatisfied with the failure of the samarium fragmentation
of diketone 122 we decided to synthesize a different 1,4-dicar-
bonyl fragmentation substrate that would be less likely to
undergo a pinacol coupling (126, Scheme 16). Synthesis of
ester 126 was accomplished in two standard steps from alde-
hyde 120. Again, our samarium mediated fragmentation plans
failed as the only isolable products from our fragmentation
attempts were lactone 127 and alcohol 128, both resulting
from protonation of the desired ketyl intermediate.

The unsuccessful attempts of samarium(un) iodide medi-
tated fragmentation prompted investigation into a more
reliable Wharton fragmentation strategy, wherein compounds
133 and 135 would be the target of synthesis (Scheme 17).
From the standpoint of orbital overlap most suitable for the
Wharton fragmentation, mesylate 133 was considered optimal
(perfect anti-periplanar arrangement of relevant orbitals),
while mesylate 135 offered a far less satisfactory orbital
overlap. Although the stereoelectronic all-anti arrangement is
the general prerequisite for such Wharton-type fragmenta-
tions, there are a number of examples in the literature** of less
than ideally overlapping orbital arrangements leading to suc-
cessful fragmentations. Entry into this fragmentation mode
was made possible by a remarkably selective and high yielding
Baeyer-Villiger oxidation of aldehyde 120. Exhaustive
reduction of 129 afforded diol 130, which could be converted
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Scheme 17 Wharton fragmentation — vinigrol core.

to Wharton-fragmentation candidate 135 by selectively mesy-
lating the secondary alcohol. Perfectly aligned fragmentation
substrate 133 needed some additional synthetic planning. Oxi-
dation of diol 130 afforded ketone 131, which could be con-
verted selectively to diol 132 by employing a directed reduction
strategy in the form of the Evans-Saksena® reduction proto-
col. Mesylation of the secondary alcohol then afforded 133. We
were delighted to learn that mesylates 133 and 135 both frag-
mented in excellent yields to vinigrol core 134. Although mesy-
late 135 takes ten times longer to complete the fragmentation
reaction it more importantly shortens the synthetic sequence
to 134 by two steps.

With large quantities of 134 in place we set out to convert
the ketone to the appropriately configured C-12 isopropyl
group (Scheme 18). We considered three main approaches: (1)
olefination of the ketone followed by hydrogenation, (2) con-
version of the ketone to an enol triflate, which could then be
converted into a 1,3-diene ready for catalytic hydrogenations
and (3) isopropyl/isopropenyl addition to the ketone followed
by reduction of the resulting tertiary alcohol.

Although such strategies are well documented in the litera-
ture,*® we quickly learned that the Wittig-type and enol triflate
approaches failed for ketone 134. We therefore focused our
attention to the isopropenyl addition approach. We envisioned
that the olefin could be hydrogenated and that the tertiary
alcohol could be deoxygenated using xanthate or sulfonate
ester reduction strategies. Alternatively, the alcohol could be
dehydrated and then hydrogenated. It was not clear if these
reduction approaches would set the correct C-12 stereo-
chemistry. We were reasonably confident that the alcohol
reduction approaches would afford the desired stereochemical
outcome as our calculations had indicated that the natural
C-12 isopropyl group configuration is more stable than its
epimer.

Our C-12 isopropyl installation efforts commenced with
reductive removal of the newly formed olefin (136, Scheme 19).
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Scheme 19 Installation of C12-isopropyl group.

We chose to first use propenyl nucleophiles for additions to
the ketone as it is well known that isopropyl organometallics
are notoriously problematic due to a competing hydride deli-
very pathway. Grignard and lithium additions failed, but the
corresponding cerium vinyl reagent worked excellently.*”

our attempts to functionalize the resulting tertiary allylic
alcohol as a xanthate, acetate or a mesylate is where we ran
into a major unprecedented obstacle. Regardless of base or
conditions we employed (large, small, strong or weak base
using low or high temperatures in a range of solvents) an
unwanted facile fragmentation took place. This is the first
reported example of a Grob fragmentation wherein a trifluoro-
ethyl ether serves the role of a leaving group. We decided to
instead explore if direct dehydrations of the tertiary alcohol
would allow us to navigate around this serious obstacle.
Towards that end we changed the cerium nucleophile to the
anion of ethyl vinyl ether, which following addition and in situ
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delicately controlled hydrolysis afforded ketone 137. After
much experimentation we finally learned that Burgess
reagent® could convert 137 to enone 139, without falling prey
to the competing fragmentation pathway.

With this major obstacle behind us, we turned our attention
to the reduction of the enone double bond, with the hope of
forming methyl ketone 140 preferentially over its epimer (141).
We first explored conjugate reduction approaches using either
Selectrides or copper hydrides. Both approaches were unsuc-
cessful, affording either a 1,2-reduction or a complex mixture
of products. When typical palladium catalyzed conditions (Pd/
C) were employed, the enone olefin was indeed reduced but
undesired ketone epimer 141 was the major product. We were
gratified to learn, which was also in agreement with our calcu-
lations, that epimer 141 could be isomerized with base to
desired product 140. This approach was unsatisfactory due to
the fact that these hydrogenation conditions also generated
some unidentified by-products and that the reaction was
found to be irreproducible. Although the reason for this was
unclear, we speculated that the slightly acidic surface of the
“neutral” catalyst was resulting in the partial decomposition of
the vinigrol framework. To alleviate these problems, we
decided to perform the hydrogenation in the presence of pot-
assium hydroxide*® with the hope that any unwanted acid cata-
lyzed reactions would be suppressed and that an in situ
epimerization would take place mediated by the base (KOH).
This strategy worked wonderfully and ensured excellent and
selective conversion of 139 to 140. The isopropyl C-12 stereo-
center of vinigrol was then completed using a standard olefina-
tion/reduction strategy (143).

With post-fragmentation allylic ether 143 in hand we set
out to test if the chemistry we had developed for converting
109 to 95 (Schemes 12 and 13) could also be realized for this
substrate. Selenium oxidation and DIBAL reductions pro-
ceeded uneventfully, affording allylic alcohol 145. We were
pleased to learn that the critical directed epoxidation step
responsible for incorporating the C3-oxidation state with
correct configuration also worked for 145, as did the iodina-
tion step. We found the zinc mediated epoxy ring opening of
147 to be more challenging than for 114, but by using soni-
cation®® the reaction proceeded smoothly to afford exo-olefin
148. The outcome of the selenium oxidation for 148 also
differed significantly from that of tetracyclic cage compound
115. Gratifyingly, the second step of the mechanism of the sele-
nium oxidation was again interrupted, thus providing us
directly with the desired tri-substituted olefin (Scheme 20).

While oxidation of 115 afforded enal 116 and conjugated
acid 117, none such products were observed for 148. Instead,
the different conformation of the post-fragmentation core
resulted in trapping of the selenium intermediate with the C4-
hydroxyl group and formation of stable selenium heterocycle
149. We were now confronted with oxidizing the C-16 selenium
bond to a primary hydroxyl group (150). Based on limited lit-
erature on this subject, it was suggested that selenonic acids
could be oxidized to selenonic acids by sodium periodate®
or dimethyldioxirane (DMDO)**> and then displaced by a
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Scheme 20 Selenium adventures — installing C4-hydroxyl.

nucleophile, such as I or H,0. We wondered if hydrogen per-
oxide could serve the role of both oxidant and nucleophile in
converting 149 to 150, which in turn would make it possible to
perform the oxidation of 148 to 150 in one pot as these oxidiz-
ing agents are compatible.® This approach worked well,
affording desired diol 150.

With the installation of the C4-hydroxyl group behind us,
the final obstacle of the total synthesis of vinigrol we faced was
the cleavage of the trifluoroethyl group. First, it is worth
noting that a trifluoroethyl group has never been used as a pro-
tecting group in synthesis. With very few scattered examples of
this rather stable motif being explored in the literature, depro-
tection conditions that were compatible with the rest of the
vinigrol architecture were sought. Several strategies were inves-
tigated (Scheme 21). It is reported that trifluoroethyl ethers
can be converted to base-labile esters by trifluoroacetic acid.”*
Vinigrol’s susceptibility to acid obviously precluded this harsh
approach. A reductive approach using sodium naphthalene®”
as a reducing agent only resulted in unreacted starting
material (150). It is also known that trifluoroethyl ethers can
be converted to acetylenic esters using alkyllithium reagents,”®
via a difluorovinyllithium intermediate. This is especially inter-
esting to us because in Baran’s approach to vinigrol,'> he
demonstrated in the final step that vinigrol was compatible
with strong bases such as n-BuLi. We were curious to learn
what product would result if 150 was submitted to strong
bases. For example, if a difluorovinyl ether was obtained, it
could potentially be cleaved under oxidative conditions. Alter-
natively, if the acetylenic ether shown was obtained, it could
be easily hydrolyzed and cleaved. The difluorovinyl ether could
be deprotonated again and trapped with an electrophilic
oxygen reagent en route to vinigrol.

To evaluate the feasibility of these plans, test compound 91
was treated with large excess of tert-butyl lithium in diethyl
ether at —40 °C (Scheme 21). To our delight, acetylenic ester
151 was obtained, albeit in poor yield (31%). Brief and careful
exposure of 151 to acid then afforded ester 152, which was
reduced to free alcohol 153. Armed with these promising, but
far from ideal results we decided to test it on protected vinigrol
(150).
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Unfortunately, when we applied the alkyl lithium con-
ditions used for 91 to 150, only small amounts of difluorovinyl
ether 154 were formed along with extensive decomposition of
starting material. All attempts to form and trap the difluoro-
vinyl ether anion with electrophilic oxygen reagents such as
molecular oxygen,”” 2-sulfonyloxaziridine (Davis’s oxaziri-
dine),*® molybdenum peroxide-pyridine-hexamethylphosphor-
amide (MoOPH),*® and bis(trimethylsilyl)peroxide
(TMSOOTMS)®° also failed. We therefore turned our attention
towards selective formation of 154 (Scheme 22). This could be
accomplished by using LDA instead of alkyl lithium bases. We
hypothesized that the vinyl enol ether could be oxidatively
cleaved selectively over the tri-substituted olefin, which we had
shown so many times to be resistant to reductions and oxi-
dations because of its steric nature. Osmium tetraoxide® satis-
fied our criteria and was shown to selectively oxidize 154.

oH
N LDA THF
OH  _78°C

OsO4 t-BuOH
ridine
ok ___ pyndine
e
150 CF3 H/
OH NaHSO3
OH it ~~
o F 70% (2 steps)
OH OH
—Ae—0 vinigrol (1)
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Scheme 22 Successful synthesis — deprotection of CH,CFs.
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Interestingly, the intermediate osmate ester (155) was surpris-
ingly stable and needed extensive exposure to a reductive
workup conditions to afford vinigrol (1).

Conclusion

This article describes the synthetic journey we took that even-
tually resulted in a successful total synthesis of vinigrol.
Although our route evolved significantly over time with respect
to the exact nature of reaction sequences, its fundamental retro-
synthetic design principles (oxidative dearomatization/Diels-
Alder cycloaddition, 6-exo/6-exo cyclization cascade, tetracyclic
cage substrate control and fragmentation) have remained the
same. Many useful lessons and observations can be taken
from our journey, which are broadly impactful. For example,
we demonstrated for the first time the usefulness of a trifluoro-
ethyl group as both an oxygen protecting group®” and a valu-
able directing group for oxidative dearomatization reactions as
well as role a leaving group in a Grob fragmentation. We
revealed intriguing radical as well as uncommon selenium oxi-
dation behavior in rigid and dense architectural frameworks.
Intriguing examples of substrate controlled and functional
group directed hydrogenations are particularly noteworthy.
Our synthetic explorations showcase the power and reliability
of the oxidative dearomatization/Diels-Alder cascade in rapidly
building molecular complexity, and it emphasizes the future
value in developing a robust and predictable asymmetric oxi-
dative dearomatization protocol for converting stable aromatic
building blocks into reactive valuable chiral products with
many available reaction modes.
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