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Abstract: Convergent total synthesis of bryostatin 8 has been
accomplished by an organosilane-based strategy. The C ring is
constructed stereoselectively through a geminal bis(silane)-
based [1,5]-Brook rearrangement, and the B ring through
geminal bis(silane)-based Prins cyclization, thus efficiently
joining the northern and southern parts of the molecule.

Bryostatins[1] are a family of 21 complex macrolides
produced by a bacterial symbiont of the marine bryozoan
Bugula neritina (Scheme 1). Ever since Pettit and co-workers
isolated the first family member, bryostatin 1, in 1982,[2] these
marine natural products have attracted substantial interest for
their wide range of potent bioactivities. Bryostatin 1, the most
studied member, has shown remarkable activity against
a wide range of cancers.[3] It also shows synergism with
established oncolytic agents such as Taxol, which has led to

numerous clinical trials for cancer therapy.[4] Recent studies
have also uncovered promising potential in the treatment of
other conditions such as ischemic stroke,[5] diabetes,[6] Alz-
heimerQs disease,[7] and HIV infection.[8] It has been suggested
that the unique biological activity of the bryostatins is
associated with the solvent-exposed portion of the A and
B rings,[9] while the C ring simply binds to the C1 domain of
isoforms of protein kinaseC.[10]

Bryostatins cannot be obtained in significant amounts
from their marine source. Bryostatin1, for example, is
extracted at a final yield of 0.00014 %.[11] This low yield has
motivated significant efforts toward their total syntheses[12] as
well as the generation of functional analogues by simplifica-
tion of the northern part of the molecule.[13] The complex
structures of the bryostatins pose obvious synthetic chal-
lenges: they possess three pyran rings (A, B, and C) in distinct
oxidation states, multiple stereocenters, and numerous func-
tionalities such as alkene, alcohol, ether, hemiketal, and ester.
Masamune and co-workers achieved the total synthesis of
bryostatin 7,[12a] and later seven groups independently suc-
ceeded in synthesizing six members of this family.[12] Most
recently, Wender and co-workers developed a state-of-the-art
strategy, thus leading to a scalable synthesis of bryosta-
tin 1.[12k] Despite these successes, new strategies for synthesiz-
ing bryostatins are still needed to facilitate the discovery of
superior derivatives and drug leads.

We aimed to design a unique organosilane-based strategy
for the synthesis of the bryostatins on the basis of our findings
that geminal bis(silane)s, which contain two bulky silyl groups
attached to a single carbon center, are quite useful as
bifunctional synthons.[14] We reasoned that it should be
possible to synthesize the A, B, and C rings, having different
oxidation states, by using three different organosilane reac-
tions. We planned to construct the B and C rings using our
geminal bis(silane) chemistry, while the northern part, con-
taining the A ring, would be prepared by hydrosilylation/
Fleming–Tamao oxidation (Scheme 2).[15] We predicted that
the geminal bis(silyl) homoallylic alcohol 1 and an aldehyde
could undergo [1,5]-Brook rearrangement/addition[16] to con-
struct the C-ring precursor 2 with g-E selectivity, while the
same types of substrates could also undergo Prins cycliza-
tion[17] to give the B-ring 3 with cis-Z stereochemical control,
thereby connecting the northern and southern parts of the
bryostatins. By using this unified geminal bis(silyl) approach,
we report here detailed studies of the total synthesis of
bryostatin 8.[18]

Synthesis of the northern part, containing the A ring,
commenced with transformation of d-(@)-pantolactone (4)
into the C5–C11 fragment 6 (Scheme 3). Protection with
benzylbromide with subsequent reduction of the lactone and
conversion of the resulting hemiacetal into a terminal alkyne

Scheme 1. Structure of bryostatins 1–21.
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led to 5. Sequential oxidation/addition/oxidation/protection
gave rise to the alkyne 6. The lithium acetylide of 6 was used
to open the ring of the known epoxide 7 (C1–C4 fragment),[19]

thus furnishing the C1–C11 fragment 8, in 87% yield, in
a convergent manner. Although synthesis of 8 from 4
required eight steps, the well-known operations and 45%
overall yield make the process very practical for the
preparation of 8 on a 10-gram scale. Hydrosilylation/Flem-
ing–Tamao oxidation transformed the alkyne moiety into
a ketone, thus delivering 10 in 82% yield via the vinylsilane
intermediate 9 in a convenient sequential operation. The OH
at C5 was introduced diastereoselectively (+ 95:5 d.r.) by an
Evans–Tishchenko reduction using SmI2.

[20] Reduction using
Me4NBH(OAc)3, NaBH(OAc)3, or LiAlH(Ot-Bu)3 gave only
moderate d.r. values of 75:25. Hydroboration/oxidation of the
terminal alkene and subsequent selective oxidation of the
primary alcohol provided the aldehyde 11 in 66 % yield over
three steps. Allylation of 11 with 2-bromo allyl bromide or its
variants did not proceed with adequate stereocontrol despite
extensive testing under various asymmetric conditions.[21]

Thus, a traditional Barbier reaction was performed to give
a 1:1 mixture of two C11 diastereomers. PPTS-catalyzed
ketalization led to the Aring, thus giving 13 in 67 % yield over
two steps. Pd(PPh3)4-catalyzed Kumada cross-coupling of 13
with the bis(trimethylsilyl)methyl magnesium chloride 14
installed the bis(silyl) moiety and generated 15 in 81%
yield.[22] Protection of OH group at C3 with TIPS, and C11@
OH oxidation and reduction afforded 16 in 62% with
a d.r. value of 87:13. TES protection of C11@OH and removal
of the Bn and PMB groups gave the diol 17, which was
oxidized to the acid,[23] butyrylated at C7@OH, and converted
into an allyl ester to yield the northern part 18. Only two
purifications were required during the last five steps, thus
affording 18 in 50 % overall yield.

The synthesis of the southern part, containing the Cring,
commenced with the known epoxide 19.[24] Epoxide ring
opening with the vinyl magnesium bromide 20, followed by
bromination, afforded 21 in 78 % overall yield (Scheme 4).[25]

Pd(PPh3)4-catalyzed Kumada cross-coupling of 21 with 14
provided the homoallylic alcohol 22 in 86 % yield. [1,5]-Brook
rearrangement of a geminal bis(silyl), developed by our
group,[16] was used to assemble 22 and 23. The reaction
proceeded by C-to-O migration of one silyl group, thus
generating the allyl anion 24, which was stabilized by the
unmigrated silyl group. Subsequent addition to 23[26] pro-
ceeded with complete g-regioselectivity and E-stereoselectiv-
ity to afford the C15–C25 fragment 25 in 82% yield after
formation of the TES ether. Removal of the PMB group,
Dess–Martin oxidation, and a Takai reaction[27] installed the
C25–C26 olefin with an E/Z ratio of 90:10. Initial cyclization
of 26 to the dihydropyran produced only the undesired 27 and
28 by elimination of the SiMe3 and/or C23 hydroxy groups,
together with a double-bond shift. Therefore, iodination of
the vinylsilane was carried out first with configurational
retention. The resulting E-configured vinyliodide underwent
cyclization cleanly to give the dihydropyran 29, which was
transformed into 30, containing an exocyclic E-enoate, by
palladium-catalyzed carbonylation. Because the E-enoate
moiety in 30 was vulnerable to isomerization, 30 was

Scheme 2. Organosilane-based strategy for the total synthesis of
bryostatin 8. Tf= trifluoromethanesulfonyl, TMS= trimethylsilyl.

Scheme 3. Synthesis of the northern part, containing the A ring, of the
bryostatins. BAIB= = [bis(acetoxy)iodo]benzene, DIBAL-H=diisobuty-
laluminum hydride, DMF= N,N-dimethylfirmamide, LDA = lithium dii-
sopropylamide, NMO =N-methylmorpholine-N-oxide, PMB= para-
methoxybenzyl, TEMPO= , TES = triethylsilyl, THF = tetrahydrofuran,
TIPS= triisopropylsilyl, TPAP= tetra-n-propylammonium perruthenate.

Angewandte
ChemieCommunications

943Angew. Chem. Int. Ed. 2018, 57, 942 –946 T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


subjected to TFPAA-mediated epoxidation of the C19–C20
double bond,[12g] in situ epoxide ring opening at C19, and
Dess–Martin oxidation. The ketone 31 was synthesized from
26 in 52 % overall yield over five steps, with only one
purification at the last step. Reduction with NaBH4/CeCl3 and
butyrylation installed the desired functionality at C20 in 32.
Removal of the TBDPS group and Dess–Martin oxidation
afforded the enal 33 in 78 % yield.[12i] Finally, SharplessQ
dihydroxylation and sequential TBS/TES disilylation of the
resulting C25/C26 diol (d.r. = 83:17) afforded the southern
part 34.

The strategy for coupling 18 and 34 relied on the geminal
bis(silyl) Prins cyclization developed by our group.[17] We
knew from our previous work that this reaction proceeds in
high yields with good stereocontrol in simple systems, but we

had never examined the reaction efficiency with structurally
complex substrates such as the highly oxygenated 18 and 34.
To our delight, the desired intermolecular cyclization oc-
curred readily with TMSOTf in Et2O at @78 88C after 6 hours.
The B ring was constructed with complete cis/Z selectivity,
thus giving 35 in 62% yield (Scheme 5). A similar Prins
cyclization for bryostatin synthesis was devised independently
by the groups of Keck,[12h] Krische (intermolecular cycliza-
tion),[12j] and Wender (intramolecular cyclization).[12i,k] These
cyclizations are less effective than ours because the unsub-
stituted, the exocyclic alkene in the resulting pyrans must be
transformed into pyranone and then into the Bring by FujiQs
asymmetric Horner–Wadsworth–Emmons reaction, which
typically gives moderate Z/E ratios when generating the
exocyclic enoate.[28] Separation of the Z/E mixture requires
preparative thin-layer chromatography or HPLC. Instead,
our strategy allowed us to install the enoate more efficiently
by an iodination/carbonylation sequence, which proceeded
with complete retention of the Z configuration. Subsequent
Yamaguchi macrolactonization[29] gave 36 in 40% yield over
three steps. Finally, two methyl ketals and two silyl ethers
were removed with aq. HF in CH3CN, thus providing
bryostatin 8 in 76 % yield.

Inspired by WenderQs Prins macrocyclization,[12i] we also
tested the intramolecular version of our geminal bis(silyl)
Prins cyclization. Unfortunately, desired cyclization of 37 into
38 was detected neither under our optimal reaction conditions

Scheme 4. Synthesis of the southern part, containing the C ring, of the
bryostatins. HMPA= hexamethylphosphoric triamide, PPTS= para-tol-
uenesulfonic acid, TBAF = tetra-n-butylammonium fluoride,
TBDPS= tert-butyldiphenylsilyl, TFPAA= trifluoroperacetic acid, TME-
DA = N,N,N’,N’-tetramethylethylenediamine.

Scheme 5. Union of the northern and southern parts by geminal
bis(silyl) Prins cyclization to form the Bring of the bryostatins.

Angewandte
ChemieCommunications

944 www.angewandte.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2018, 57, 942 –946

http://www.angewandte.org


using TMSOTf in Et2O, nor under WenderQs conditions using
PPTS in MeOH at room temperature or 50 88C (Scheme 5).
The main transformations appeared to be acetalization at C9
and C11 with the aldehyde, as observed by Keck. We also
observed other side-reactions, such as elimination of one silyl
group from the geminal bis(silyl) allyl moiety and intra-
molecular cyclization between C9 and C14.

The data from the 1H NMR and 13C NMR spectroscopy in
CDCl3, high-resolution mass spectra, and optical rotation for
our synthetic bryostatin 8 were in agreement with those
reported for the natural product. Those data were kindly
provided by Prof. G. R. Pettit, who isolated bryostatin 8 first
in 1985.[18a,b] The identity of the synthetic sample was further
established by the excellent consistency between our
1H NMR, 13C NMR, and DEPT spectra in CD3OD and
those kindly provided by Prof. H. W. Lin, who isolated
bryostatin 8 later in 2001 (see the Supporting Informa-
tion).[18c]

In summary, we have used an organosilane-based strategy
to accomplish a convergent total synthesis of bryostatin 8 in
29 steps (longest linear sequence) and 51 total steps (33
purification steps). The synthesis highlights the power of the
geminal bis(silane) chemistry, which was employed as a uni-
fied strategy for constructing the C ring by [1,5]-Brook
rearrangement, and the B ring by Prins cyclization, thus
leading to union of the northern and southern parts. This
approach affords some structurally new and versatile inter-
mediates, such as dihydropyran 29, which may be a useful
scaffold for synthesizing C-ring analogues by functionaliza-
tion of the enol and vinyliodide moieties. A similar strategy
could also be used to modify the B ring by functionalization of
the vinylsilane in 35. Our success with geminal bis(silyl) Prins
cyclization and its reliable stereospecificity lead us to suggest
that it may be possible to generate the E-(C13) analogues of
the bryostatins, which differ in their preference for protein
kinaseC isoforms.[12k] This task would require exchanging the
geminal bis(silyl) homoallylic alcohol and aldehyde in the
northern and southern parts. We are investigating this
possibility in our group.
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