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ABSTRACT

TBDPSO O

The synthesis of a C ;—Cy3 A-ring subunit of bryostatin 1 is detailed. The key features of the approach include the convergent fragment

assembly with a highly stereoselective construction of the C 7—Cg bond indicated above.

Pettit and co-workers reported in 1982 the isolation and and the Yamamufagroups have reported bryostatin total
structural identification of bryostatin 1LY from the bryozoan  syntheses. In addition, the promising biological profile of
Bugula neritina® Seventeen structurally related congeners bryostatin 1, coupled with its scarcity from natural sources,
have since been isolated and identified, and the family has encouraged a number of other synthetic efforts in this
remains of significant interest to the biological, medical, and area’? Wender and co-workers have also reported on the

synthetic communitiesBryostatin 1 exhibits an impressive
array of biological properties including anticancer activity,

synergistic anticancer activity with established therapeutic

agents such as vincristidgnd activity against Alzheimer’s
diseasé. Bryostatin 1 is known to bind to PK& with
nanomolar affinity, but this elicits different biological

synthesis and biological studies of several analogues of
bryostatin 1'°

The synthetic strategy chosen for implementation is
detailed in Figure 1. Methodology developed in these
laboratories for the construction of 2,6-disubstituted-4-
methylene tetrahydropyral¥$-1*was envisioned to join an

responses than those associated with binding by the tumor-A-ring hydroxy allylsilane2 and a C-ring enal3 with

promoting phorbol estefsThe reasons for these differences

concomitant formation of the B-ring. The A-ring containing

and the mechanisms by which bryostatin 1 affects the the necessary pendant allylsilane could be derived from

aforementioned areas of therapeutic interest remain unclear:-
In 1990, Masamune and co-workers disclosed the first total

synthesis of bryostatin ¥ More recently, both the Evahs

T Undergraduate research participant.
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Figure 1. Retrosynthetic analysis.
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methyl ested through application of the Bunnelle reactitn.
Unraveling4 to linear synthorb reveals the €oxygenation
to be 1,3-anti to both of the flanking protected hydroxyl

tioselectivity (Scheme 1). This particular allylation deserves
comment. Complete consumption of the aldehyde was

groups, which suggested that this hydroxyl stereocenter coul_

be exploited in the installation of both the;@nd G
stereocenters via 1,3-asymmetric induction. Accordingly, a

PMB ether was deemed to be an appropriate protecting group

for this hydroxyl on the basis of its ability to participate in
chelation-controlled process$éand its ease of removal under
very specific conditions. This disconnection would, however,
require addition of a nucleophile such @40 set the ¢
stereocenter and install thgemdimethyl moiety. Little
precedent exists for such a transformation. In the context of
bryostatin synthesis, with the exception of one repbmost
A-ring approaches commence with material that already
contains thegemdimethyl group. Finally, a Mukaiyama aldol
reaction was envisioned for stereoselective introduction of

Scheme 1. Synthesis of Tetrasubstituted Allylstannabie

o} 1) (S)-BITIP, allyltributyltin o
HY\)I\ 97%, 99% ee x
" “OEt = s - "OEt
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1) CuBr, Red-AI® Q

1) SOCl,, py., 89%
2) KOBU, 98%

93%
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9%

\/\l/\/f‘\ OFt
TBSO Ve Me
OH
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Me

1) DIBAL, 94%
WMe 2) n-BuLi, MsCI;
TBS! CO,Et BusSnLi, 58%

12

the G stereocenter and the required masked carboxylic acid
functionality at G.

The synthesis of allylstannan@ commenced with a
catalytic asymmetric allylation (CAA) reaction on com-
mercially availablex,-unsaturated aldehyd®to afford the
desired homoallylic alcohol in exceptional yield and enan-
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observed after just 12 h; typically, the CAA process requires
approximately 72 h to reach completion. The rapidity of this
reaction is likely to be associated with the electron-
withdrawing unsaturated ester moiety; i.e., the substrate is a
vinylogous glyoxalate. This seemingly superfluous unsat-
uration was deemed necessary due to previous observations
made by Brown and co-workéfsn which a boron-mediated
allylation into the saturated aldehyde correspondir@was
accompanied by significant lactonization of the product.
After considerable experimentation, conjugate reduction
of the o, f-unsaturated ester was accomplished efficiently by
application of Semmelhack’s Cu(l)/Red-Al protodélin-
troduction of thegemdimethyl moiety was accomplished
by condensation of est&0 with acetone to provide tertiary
alcohol11. Elimination of the hydroxyl group by treatment
with SOCL/pyridine yielded the terminal olefin which

(16) Ramachandran, P.; Krzeminksi, M. P.; Reddy, R. V.; Brown, H. C.
Tetrahedron: Asymmetry999 10, 11.

(17) Semmelhack, M. F.; Stauffer, R. D.; Yamashita JAOrg. Chem.
1977, 42, 3180.
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subsequently underwent base-mediated olefin migration toaldehyde facial selectivity was observed when the mono-

afford 1218 Full reduction of the ester proceeded without
difficulty to afford the corresponding alcohol, setting the
stage for installation of the stannyl group. A one-pot
mesylation/BySnLi displacement ensued to provide allyl-
stannane6. The 37% overall yield for this eight-step
sequence provided expedient access to this stannane.
Our attention was next turned to the synthesis of the C
C7 subunit. This first required the generation of Mukaiyama
aldol substrate 6 (Scheme 2). A CAA reaction was relied

Scheme 2. Synthesis of Aldehydé6

(S)-BITIP,
H allyltributyltin PMBOC(NH)CCl3
_PMBOCNMCCs |
O OTBDPs 0% 9% ee m CSA, 76%
HO OTBDPS '
13 14
[ 1) TBAF, 95% g H
_DTBAR, 9%
pPMBO oTBDPs  2) SOzpy, DMSO MBS O
7%

15 16

upon once again to provide homoallylic alcolidlin 90%

dentate Lewis acid BFOEtL was employed (entry 3).
Although it is noteworthy that the aldehyde proved stable
to exposure to TiG(OPr), no enhancement in selectivity
resulted from the use of this Lewis acid (entry 4). A dramatic
improvement in selectivity was realized when T(CQIPr),
was used in place of TigO'Pr), but the conversion was
modest as 40% of aldehydks was recovered (entry 5).
However, a further increase in aldehyde facial selectivity and
a significant improvement in conversion were observed when
the number of equivalents of the mixed titanium Lewis acid
was increased (entry 6). Optimization of this reaction
revealed that the use of 2.5 equiv of the B{CIPr), afforded

a 95% vyield of aldol adductl7, as a 41:1 mixture of
diastereomersas ascertained by HPLC analysis (entry%).
The suspected relative stereochemical relationship between
the G and G stereocenters was confirmed by application
of Rychnovsky’s acetonide NMR methé#.

Preliminary coupling studies suggested that theh§-
droxyl protecting group might remotely influence the facial
bias in the stannane addition to the aldehyde. Thus, two
differentially protected aldehydes were synthesized in prepa-

yield and 93% ee. Conversion of the alcohol to PMB ether _

15 was accomplished by reaction wigrmethoxybenzyl
trichloroacetimidate and catalytic CSA. It is worth noting
that unavoidable silyl migration was observed under the
typical KH/PMBBr conditions. Additionally, the use of CSA
was found to offer results superior to those obtained with

other commonly employed acids such as TfOH, PPTS, and

BF3;-OEt. Deprotection of the primary TBDPS ether with
TBAF and subsequent Parikiboering oxidation gave the
requisite aldehydé6 in 92% yield over the two reactions.
A variety of Lewis acids and conditions were screened in
the Mukaiyama aldol reaction (Table 1). The use of MgBr

Table 1. Mukaiyama Aldol Survey
s'Bu

S H otms 8 \ Y s'Bu
PMBO O PMBO OH O
16 17
entry Lewis acid equiv  temp (°C) solvent dr
1 MgBr2~OEt2 2.0 —-20 CHQCIZ 4:1
2 MgBrg:OEtg 2.0 —78to —20 CHyCly 4.5:1
3 BF5-OEty 1.1 —78 CH.Cl; 5:1
4 TiCl3(O‘Pr) 1.0 —78 PhCH; 5:1
5 TiCla(OiPr)s 1.0 —78 PhCH; 32:1¢
6 TiCla(OiPr)e 2.0 —78 PhCH; 37:1°
7 TiClz(O'Pr); 2.5 —78 PhCH; 41:1¢

a40% of 16 recovered? 10% of 16 recovered® 95% of 17 isolated.

OEt, afforded moderate diastereoselectivities for this trans-
formation (entries 1 and 2). A slight improvement in

Scheme 3. Synthesis of Two Aldehyde Coupling Partners

PMB! 1) TBSOTHf, 2,6-lutidine

2) O3; PPhg
82% (2 steps)

s'Bu

18 TBSO

1) TBDPSCI, imid.

2) 0s0,4, NMO

3) Pb(OAc)4
91% (3 steps)

TBDPSO
19

o

ration for the coupling studies (Scheme 3). Secondary alcohol
17was protected as the TBS ether by treatment with TBSOTf
and lutidine. Ozonolytic cleavage of the terminal olefin
provided aldehydd8 in an 82% yield over the two steps.
The analogous £TBDPS-protected aldehyde was synthe-
sized by silylation with TBDPSCI followed by OsMO
dihydroxylation and cleavage of the resulting diol by Pb-
(OAC)4.?? Aldehyde 19 was accessed in 91% yield from
alcohol precursofd.?.

With both aldehyde and stannane coupling partners in
hand, our attention was directed toward the critical coupling
reaction. Surprisingly, both MgBiOEL and TiCh(O'Pr),
failed to promote this addition. It was reasoned that aldehyde
18 may need increased activation for the addition of the
relatively hindered stannareto occur. Dimethylaluminum
chloride appeared to be a suitable Lewis acid candidate to
explore as it is recognized for its exceptional chelating
ability.?

(18) For a similar synthetic sequence involving introduction of a 1,1-
dimethyl unsaturated olefin, see: Hirai, K.; Ooi, H.; Esumi, T.; lwabuchi,
Y.; Hatakeyama, SOrg. Lett.2003 5, 857.
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In the event, subjection of aldehyd® to MeAICI (2.5
equiv) in CHCI, gave the desired addition produ2d in
good yield but with modest 3.5:1 diastereoselectivity (Table
2, entry 124 An increase in the amount of Lewis acid used

Table 2. Optimization of the Coupling Reaction

PMB:!

Scheme 4. Completion of the A-Ring Synthesis

1) Ac,O, DMAP  H
e T,
2) 0s04, NMO
3) NalOy, 89%,

o (3 steps)

TBDPS®  SBu
21 M
Me!

Me
OAc
1) NaClO,, 97%

2) TMSCHN,, 94%
o)

TBDPSO  S'Bu
22R=TBS
1) DDQ
2) Oz, DMS

3) CSA, MeOH,
55%, (3 steps)

18 R=TBS 20R=TBS Me Me
19 R = TBDPS 21R=TBDPS Me OX __oac
entry R equiv® solvent yield (%)° dr
o}
1 TBS 2.5  CHyCly 83 3.5:1 i [
2 TBS 5.0  CH:Cl 73 7:1 TBOPSO  SBu

3 TBDPS 2.5 ¢

4 TBDPS 2.5
5 TBDPS 5.0

CH,Cly 78 7:1
PhCHj 79 single isomer®
PhCHj3 88 single isomer®

minimize the number of chemical operations required to
reach the A-ring target. Unfortunately, no conditions were
found which would effect this transformation. Independent
oxidative operations on the olefins were thus carried out as
follows. Dihydroxylation of the terminal olefin followed by
to 5.0 equiv improved the level of stereoselectivity observed NalOQ, cleavage of the resulting diol was accomplished in
(entry 2). Reactions using the TBDPS ether containing good yield to provide aldehyd22. No product resulting from
aldehydel9 confirmed our suspicions that the frotecting  the dihydroxylation of the €olefin was detected, undoubt-
group might influence the stereochemical outcome; under edly as a consequence of the considerable steric demand im-
conditions identical to those employed in entry 1, the desired posed by the proximajemdimethyl group. Pinnick oxida-
adduct was obtained in comparable yield but with 7:1 tion? of the aldehyde and methylation of the resulting car-
diastereoselectivity (entry 3). A dramatic improvement in boxylic acid with (trimethylsilyl) diazomethane provided
diastereoselectivity was realized by a change of solvent (entrymethyl ester5 in 91% yield over the two steps. With the
4). When the same reaction was performed in toluene, amethyl ester in hand, oxidative cleavage of the PMB group
single addition product was obtained in 79% yield. As entry was accomplished in 91% yield by reaction with DDQ.
5 demonstrates, when the reaction was carried out using 5.0Finally, ozonolysis of the remaining olefin afforded a mixture
equiv of MeAICl in toluene,an 88% yield of21 resulted of ketol and open-chain keto-alcohol. This equilibrating mix-
under these optimized conditiorhe expected stereochem-  ture underwent conversion to the cyclic methyl ketal with
istry was corroborated via NOE data obtained after closure concomitant deprotection of the TBS ether under acidic
of the A-ring (Scheme 4). methanolic conditions to give A-ring targétin 55% yield

The only remaining tasks were formation of the A-ring from alkene5.
and elaboration of the terminal olefin to the methyl ester.  In conclusion, A-ring subuni# was accessed from alde-
Toward this end, acylation of the newly formed hydroxyl hyde13in 17 linear steps in 15% overall yield. This connec-
group was accomplished by exposure to@@nd DMAP. tive fragment assembly approach provides an efficient means
It was anticipated that oxidative cleavage could be carried for introduction of both thgemdimethyl group and the €
out simultaneously on both the;@nd terminal olefins to  stereocenter in a highly stereoselective manner. Efforts to
utilize this approach in a total synthesis program are in
(22) This two-step procedure for olefin cleavage was used in lieu of progress.

ozonolysis due to the fact that aldehyd®, unlike 18, suffered from . . .
deleterious elimination of the PMB group during chromatographic purifica-  Acknowledgment. Financial support from the National

tion which proved necessary following reductive workup of the ozonide. |nstitutes of Health (through GM-28961) is gratefully

Conversely, subjection of the purified diol to Pb(OAfllowed by filtration . . S
and removal of benzene under reduced pressure afforded the aldehyde whictRcknowledged. Dr. Michael R. Wiley of Eli Lilly is acknow-

could be carried onto the coupling without the need for further manipulation. ledged for helpful discussions regarding the synthesis of
The origin of the difference in stability to chromatography between aIIyIstannaneﬁ.

aldehydesl8 and 19 is unclear at present. X . . .
(23) Evans, D. A; Allison, B. A.; Yang, M. G.; Masse, C. E. Am. Supporting Information Available: Full experimental
Chem. S0c2001, 123 10840. = _ details as well as spectral data for all new compounds. This
(24) Because of the disproportionation of M&CI following complex- S . .
ation with an aldehyde, a minimum of 2.5 equiv of Lewis acid is generally material is available free of Charge via the Internet at
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