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With a practical synthesis of the ABCD aldehyde in hand (2,
Scheme 1), herein we describe our progress that culminated
in the synthesis of (4)-azaspiracid-1 (1) in 26 linear steps and
2.7% overall yield.

As outlined in Scheme 1, the addition of an anomeric
sulfone anion derived from 3 to a C20-electrophile, as
represented by aldehyde 2, could provide a highly convergent
approach to the target. Since all nine rings of azaspiracid-1 (1)
are formed prior to this final fragment coupling, the number
of manipulations required after the coupling step would be
minimal. Such anomeric sulfone anion additions have con-
siderable precedent, both in the original investigations of
anomeric sulfone anions derived from carbohydrates®? and
subsequently in advanced fragment couplings in total syn-
thesis,**! although the crucial sulfone anion addition of 3 to
electrophiles such as aldehyde 2 would represent the most
complex anomeric sulfone anion addition to date.

Conformational analysis of the HI spiroaminal portion of
pentacyclic sulfone 3 (Figure 1) suggests, on the basis of
anomeric stabilization and an analysis of steric effects, that
this synthon exists in its favored configuration. Therefore, a
number of ketalization events were incorporated into the
assembly of 3, in which the molecule is anticipated to
spontaneously form the desired tetracyclic FGHI system
under equilibrating conditions. The fragment couplings to
construct intermediate 4 (Scheme 1) would involve a boron-
mediated addition of the C27-methyl ketone of the FG ring
fragment 6 to the E ring aldehyde 5, while a chelate-
controlled Mukaiyama aldol addition”’ of the enolsilane
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Scheme 1. Retrosynthetic analysis of (+)-azaspiracid (1) and the
EFGHI sulfone 3. See Ref.[8] for abbreviations.
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Figure 1. Three-dimensional representation of the EFGHI sulfone 3.

derived from the C35-methyl ketone of 7 to the aldehyde of 6
was anticipated to establish the stereocenter at C34.

By inspection, two syn 1,3-dimethyl synthons of the same
configuration are embedded in the azaspiracid structure in
the E and the I rings. We were attracted to the possibility of
constructing both of these subunits from the common
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precursor 8 as outlined in Scheme 2. Tetrahydropyran 8 could
potentially be accessible from dihydropyran 9, which could be
prepared using the catalytic enantioselective hetero-Diels—
Alder reaction previously developed in our research group!”
for this particular target structure.
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Scheme 2. Retrosynthetic analysis of the E and HI ring fragments.

The hetero-Diels—Alder cycloaddition to construct 9 from
10" and 111" using the Cu®** complex 12! proved to be quite
efficient. Optimization of the solvent and the reaction
temperature afforded an enantio- and diastereoselective
cycloaddition [97 % ee, d.r. 94:6,? Eq. (1), Scheme 3]. The
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Scheme 3. Synthesis of the E ring fragment. Reagents and conditions:
a) H, (1 atm), Pd/C, EtOAc, 95% 8; b) PhSH, BF;-OEt,, CH,Cl,,
—20°C, d.r. 96:4, 83% 13; c) tBuOK, THF, —50°C, d.r. 96:4, 88%;

d) DIBALH, toluene, —94 to —78°C, 93 %. See Ref. [8] for abbrevia-
tions.

desired major diastereomer 9 was routinely obtained on a 10—
20g scale in 84% yield of the isolated product. The
subsequent hydrogenation of dihydropyran 9 proceeded in
excellent yield and diastereoselectivity (H,, Pd/C, EtOAc,
d.r.98:2, 95% of 8, Scheme 3). Careful treatment of the
tetrahydropyran 8 with one equivalent of thiophenol and a
slight excess of BF;OEt, provided lactol thioether 13
(d.r.96:4, 83% of 13) along with minor amounts of the
acyclic dithiane as a by-product. Epimerization of the ester
substituent to give a tetrahydropyran, with all four substitu-
ents occupying equatorial positions, proceeded readily with
catalytic amounts of fBuOK (d.r. 96:4, 88 % of major isomer).
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A final reduction to give the desired aldehyde 5 (DIBALH,
93%) proceeded smoothly. In summary, the synthesis of E
ring fragment 5 was achieved in five steps and 54 % overall
yield.

In the synthesis of the acyclic HI ring fragment 7 from the
common tetrahydropyran 8, a ring fragmentation reaction
was alternatively incorporated into our synthesis plan
(Scheme 4). Thus, 8 was converted into an appropriate
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Scheme 4. Synthesis of the HI ring fragment. Reagents and condi-
tions: a) Et,SiH, BF,-OFEt,, CH,Cl,, 0°C, 91%; b) LiAIH,, Et,0, 0°C,
91%; c) |,, PPh;, imidazole, CH;CN/benzene, RT to 60°C, 94 %;

d) tBuLi, THF, —78°C, then TsCl, —78 to 0°C, 95%; e) O,, PdCl,, Cudl,
H,0, DMF, 89%; f) NaN,, DMSO, 50°C, 98 %. See Ref. [8] for
abbreviations.

fragmentation precursor in a three-step sequence that
involved acetal reduction (Et;SiH, BF;-OEt,, 91%), ester
reduction (LiAlH,, 91%), and conversion of the resulting
primary alcohol into the corresponding iodide 14 (I,, PPh;,
imidazole, 94 % )."*! Subsequent metal-halogen exchange with
fBuLi in THF resulted in a 3 elimination to give a lithium
alkoxide, which was trapped in situ to give the tosylate 15 in
95% yield. This procedure obviated the need to handle the
volatile primary alcohol. After Wacker oxidation under
standard conditions (O,, PdCl,, CuCl, 89 %), azide introduc-
tion (NaN;, DMSO, 98 % ) concluded the synthesis of the HI
ring fragment 7 in eight linear steps and 51 % overall yield.

In the synthesis of the FG ring fragment 6 (Scheme 1), we
envisioned that the C32-C33 anti diol array could be
efficiently obtained in an enantioselective catalytic
Mukaiyama aldol reaction of methyl-substituted siloxyfuran
16" [Eq. (2)].
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While we have previously demonstrated that unsubsti-
tuted siloxyfurans participate in Cu’*-catalyzed aldol reac-
tions,™! the corresponding Sn**-catalyzed aldol reaction'
with Sn?* complex 18 afforded optimal results in the current
transformation. Thus, the siloxyfuran 16 underwent stereose-
lective aldol addition with ethyl glyoxalate 17 to give the
desired lactone 19 in excellent yield and selectivities (94 %,
95 % ee, d.r.>50:1). An even more practical variant of this
addition process using N-phenyl glyoxamide 20" is shown in
Scheme 5 and afforded adduct 21 (94% conversion,
d.r.>40:1, 97 % ee) as a highly crystalline solid.
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Scheme 5. Synthesis of the FG ring fragment. Reagents and condi-
tions: a) 10 mol % 18, CH,Cl,, —78°C, 94% conversion, d.r. >40:1,
97% ee (67 % after recrystallization, >99% ee); b) H, (1 atm), 2
mol % [(cod)Ir(PCys;) (py)]PFs, CH,Cl,, 98%, d.r.>95:5; c) PMBBr,
NaH, DMF, —40 to —20°C, 67 %,; d) KHBEt;, THF, 0°C to RT, 94%;
e) TBSCI, imidazole, DMF, 99%; f) HF-py, THF, —10°C, 87%; g) TsCl,
DMAP, py, 98%; h) NaCN, DMSO, 55°C, 99%; i) Boc,O, DMAP,
CH;CN, 99%,; j) LiBH,, H,O, THF, 0°C to RT, 99%; k) TMSCI,
imidazole, CH,Cl,, 99%,; I) MeLi, Et,O, 0°C, 84%; m) SO5-py, DMSO,
iPr,NEt, CH,Cl,, —30°C, 97 %. See Ref. [8] for abbreviations.

The planned directed hydrogenation of 21 proved to be
optimal with the Crabtree catalyst™ to give lactone 22 as a
single isomer (98 %, d.r. > 95:5). Protection of the secondary
alcohol as a PMB ether was sufficiently chemoselective under
basic conditions (PMBBr, NaH, 67 %) whereas a variety of
acidic conditions led to both decomposition and epimeriza-
tion of the newly set methyl stereocenter. A set of standard
transformations was then employed: lactone reduction
(KHBEt;, 94 %), silylation (TBSCI, 99%), and removal of
the primary TBS group (HF-py, 87 %) afforded alcohol 23,
followed by tosylation (TsCl, 98 %) and cyanide substitution
(NaCN, 99%). We elected to introduce C28 as a cyano
function at this stage of the synthesis to provide maximal
flexibility in the subsequent fragment couplings, because the
nitrile could be converted into either an electrophile (an
aldehyde) or a nucleophile (a methyl ketone). The N-phenyl

oTMS 0 Me

OTBS
H (o] (o] Me

amide functionality was reduced in a two-step sequence,™
which involved Boc-activation (Boc,0, 99 %) and reduction
(LiBH,, 99 %) to give alcohol 24. After transient protection of
the primary alcohol (TMSCI, 99 %) to effect full conversion in
the subsequent step, the nitrile was converted into the C27-
methyl ketone (MeLi, 84 %) with concomitant hydrolysis of
the TMS group during the workup procedure. A final Parikh—
Doering oxidation (97 %) concluded the synthesis of the FG
ring fragment 6 in 13 linear steps and 27 % overall yield.

In the subsequent fragment couplings, the enolsilane 25
needed for the chelate-controlled Mukaiyama aldol addition
was readily formed from methyl ketone 7 under standard
conditions (LiHMDS, TMSCI, Et;N, 89%, Scheme 6). A
careful evaluation of a range of Lewis acids to effect this
transformation established that freshly prepared solid
MgBr, OEt,™ was superior to other Lewis acids such as
TiCl,(OiPr),, TiCl,, SnCl,, Mgl,, MgBr,, Mg(OTf),, and
commercial MgBr,-OEt,. Chelate-controlled addition of
enolsilane 25 to aldehyde 6 thus proceeded in excellent
yield to afford the desired aldol adduct 26 as a single
diastereomer (93 %, d.r. > 95:5).

The methyl ketone moiety at C27 in adduct 26 was then
converted into its derived boron enolate. The excess Cy,BCl
used in this step was intended to function as a transient
protecting group for the C34-C36 hydroxyketone moiety.
When treated with a slight excess of E ring aldehyde 5, the
desired aldol adduct 4 was formed in near quantitative yield.
On exposure to aqueous HF in acetonitrile, the TBS ether was
cleaved and the molecule spontaneously cyclized to form the
FG bicyclic ketal 27 as a mixture of C26-alcohol diastereo-
mers (92%, 2 steps). The absence of any significant diaste-
reoselectively in the boron aldol addition was inconsequential
as the stereocenter at C26 was subsequently oxidized to the
corresponding ketone 28 with Dess—Martin periodinane
(DMP)2! (85%). The use of pyridine to buffer this latter
oxidation was crucial to suppress overoxidation and subse-
quent loss of the C21-phenylsulfide moiety that was otherwise
a prominent side reaction.

In the further elaboration of ketone 28, the PMB moiety
was oxidatively removed to afford a mixture of lactols 29 and
open-chain tautomers (DDQ, pH7 buffer, Scheme 7). Next,
the azide was reduced, a step that induced the spontaneous
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Scheme 6. Assembly of the EFGHI carbon skeleton and formation of the FG bicyclic ketal. Reagents and conditions: a) LIHMDS, TMSCI, Et;N,
THF, —78°C, 89%; b) MgBr,-OEt,, CH,Cl,, 0°C, 93%, d.r.>95:5; c) Cy,BCl (2.2 equiv), iPr,NEt, CH,Cl,, —78°C, then 5 (1.40 equiv), —78 to 0°C;
then H,0,, MeOH, pH 7 buffer, 0°C to RT, d.r. 60:40; d) HF, H,0, CH,CN, 0°C, 92% (2 steps); €) DMP, py, CH,Cl,, 85%. See Ref. [8] for

abbreviations.
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Scheme 7. Completion of the EFGHI sulfone 3. Reagents and condi-
tions: a) DDQ, pH 7 buffer, CH,Cl,, 0°C; b) H, (1 atm), Pd/C, THF,
77% (2 steps); c) TeocCl,”! iPr,NEt, THF, 0°C, 89%, d.r.>97:3;

d) Tebbe reagent,™ py, toluene, —40°C, 78 %;*!l &) H,0,, py,
[(NH,)¢M0,0,4], tBuOH, 96 %. See Ref. [8] for abbreviations.

formation of the thermodynamically favored HI spiroaminal

30 as a single diastereomer (H,, Pd/C, 77 %, 2 steps). Key

NOE interactions that established the desired configuration
of the spiroaminal 30 are shown in
Figure 2.

R
H We then elected to protect the

RO (H P H " spiroaminal nitrogen of 30 as its Teoc
Se N Me derivative, a transformation which

U H H

Figure 2. Key NOE
interactions observed
with spiroaminal 30
(CeDe, 500 MHz).

proceeded in excellent stereoselectiv-
ity when conducted in THF at high
concentrations (TeocCl, 89%, d.r.>
97:3; Scheme 7). With all reactive
functionalities in the molecule thus
protected, the stage was set for the
olefination of the C26-ketone. The
Tebbe reagent,” buffered with pyridine to avoid any C36-
epimerization, proved to be best in this transformation, and
could conveniently be prepared in situ from Cp,TiCl, and
AlMe,* to give the desired olefinated product in 78%
overall yield.?” The key NOE interactions of the spiroaminal
portion remained unchanged from those depicted in Figure 2,
thus verifying that no potential epimerization at C36 had
taken place during these latter transformations. Finally, the
oxidation to sulfone 3 proceeded in the presence of pyridine
(H,0,, [(NH,)¢M0,0,,], 96%) to avoid concomitant loss of
the C21-sulfur substituent as was observed in initial unbuf-
fered experiments. Altogether, the above sequence allowed
the efficient synthesis of the EFGHI sulfone 3 in 22 linear
steps and 10 % overall yield.

With a practical route to the anomeric sulfone 3 in hand,
we turned our attention to the final fragment coupling. To the
best of our knowledge, the most related precedent for such a
fragment coupling can be found in our altohyrtin synthesis,
where an anomeric sulfone was added to an N-acylbenzo-
triazole as the electrophile.**! In a simple azaspiracid model
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system, sulfone 32 could likewise be added to N-acylpyrazole
31 to give ketosulfone 33 that was subsequently transformed
quantitatively into ketosulfide 34 (Scheme 8). Unfortunately,
these transformations proved to be less promising on more

o
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Scheme 8. Model studies of the final C20-C21-sulfone fragment cou-
pling. Reagents and conditions: a) LDA, THF, —78°C, d.r. (C21) 6:1,
51% 33; b) PhSLi, Et,0, —78°C, 99%,; c) nBuli, THF, —78°C, then
sat. ag NH,Cl, —78°C to RT, 65%, 3:1 36/37. See Ref. [8] for abbrevia-
tions.

elaborate model systems.”! A more rapid entry to the C21-
lactol region of the azaspiracid skeleton would be to use
aldehyde 2 directly, a strategy with some promising precedent
in the literature.!! The well-known competing side reaction in
such a transformation is the elimination to the corresponding
dihydropyran.>! Encouragingly, when this reaction was
carried out with aldehyde 2 and the simple model sulfone
35 followed by a quench with slightly acidic buffer at —78°C,
the desired lactols 36 were preferentially formed over
dihydropyrans 37 (3:1, 36/37).

Although unoptimized, this latter experiment provided a
credible lead for the final coupling experiments and estab-
lished that the C21-lactols 36 could indeed be accessed
directly upon appropriate workup conditions in the sulfone
fragment coupling.

In the actual coupling process, the sulfone anion derived
from 3 was added to aldehyde 2 followed by a quench at
—78°C with pH 5 buffer to afford near equal amounts of the
separable lactol diastereomers 38 and 39 in 50 % overall yield
(Scheme 9).?”! Interestingly, the undesired alcohol 38 was
obtained as an inseparable mixture of the C21-lactol and the
corresponding hydroxyketone, which suggests a lower con-
figurational stability of this C20-diastereomer. This equilib-
rium complicated the oxidation of alcohol 38 to the corre-
sponding C20-ketone that was best effected under Swern
conditions (60 % ), followed by a diastereoselective reduction
to give the desired C20-diastereomer 39 (LiBH,, CH,Cl,,
—40°C, 56 %, d.r.> 20:1).

Subsequently, the two silyl protecting groups were readily
removed from 39 (TBAF, 93 %) followed by a mild two-step
oxidation of the Cl terminus. Interestingly, a Dess—Martin
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(+)-azaspiracid-1
26 linear steps

Scheme 9. Final fragment coupling and completion of the synthesis. Reagents and conditions: a) 3 (2.2 equiv), nBuLi, —78°C, then 2 (1.0 equiv),
NaOAc/AcOH buffer, —78°C to RT, 50% (27% 38, 23% 39); b) (COCI),, DMSO, Et;N, CH,Cl,, —78 to —20°C, 60%; c) LiBH,, CH,Cl,, —40°C,
d.r.> 20:1, 56 %; d) TBAF, THF, 0°C, 93 %; ) DMP, CH,Cl,, 0°C; f) NaClO,, NaH,PO,-H,0, 2-methyl-2-butene, tBuOH, 90% (2 steps). See

Ref. [8] for abbreviations.

oxidation at 0°C cleanly afforded the desired Cl-aldehyde,
despite the fact that a large excess of Dess—Martin period-
inane was required to reach a full conversion into the
aldehyde. In contrast, the secondary C20-hydroxy group
could readily be oxidized with DMP at room temperature.
Finally, the Cl-aldehyde was oxidized with NaClO, to the
corresponding carboxylic acid®! in the presence of 2-methyl-
2-butene as a chlorine scavenger® (90%, 2 steps). This
sequence concluded the total synthesis of (+)-azaspiracid-1
(1) and has allowed us to synthesize 75 mg of this complex
structure. The spectroscopic data for (+)-azaspiracid-1 cor-
responded with those reported for (—)-azaspiracid (ent-1)
apart from the optical rotation which was of equal magnitude
but of opposite sign ((+)-azaspiracid-1 (1), [a]3 =+21.7 (c=
1.00, MeOH); natural (—)-azaspiracid-1 (ent-1), [a]y =21
(c=0.1, MeOH),*™ synthetic (—)-azaspiracid-1 (ent-1),
[a]®=—-19.0 (c=0.07, MeOH)P).

In summary, the total synthesis of (+)-azaspiracid-1 (1)
was realized by a highly convergent approach in only 26 linear
steps and 2.7 % overall yield. The spirocyclic nature of this
polyketide target was used in an approach that allowed the
minimal use of protecting groups in the final stages of the
synthesis. Additionally, the synthesis featured a diastereose-
lective chelate-controlled Mukaiyama aldol fragment cou-
pling, a regioselective boron-mediated methyl ketone aldol
addition in the presence of an unprotected hydroxyketone
moiety, and a complex addition of an anomeric sulfone anion
to an aldehyde. The latter transformation allowed for a rapid
final assembly of (+)-azaspiracid-1 (1) with only three
postcoupling transformations of the desired lactol 39.
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