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Abstract: The concise, highly stereoselective, substrate-con-
trolled asymmetric total syntheses of both 2,5-cis- and 2,5-
trans-tetrahydrofuranoid nematocidal oxylipids from the Aus-
tralian brown algae Notheia anomala have been accomplished
in a stereodivergent fashion. The highly stereoselective intra-
molecular amide enolate alkylation strategy provides access to
both stereoisomers of the 3-hydroxy-2,5-disubstituted tetrahy-
drofuran core of these marine natural products through chelate
and nonchelate control, which is driven by the C3-hydroxy
protecting group. This approach offers an optional and highly
stereoelective access to any of the eight possible stereoisomers
of the 2,5-disubstituted-3-oxygenated tetrahydrofuran skeleton,
an important structural feature which is present in many
biologically active natural products.

The marine Cjy oxylipid 1b, which possesses a 2,5-trans-
disubstituted tetrahydrofuran (THF) skeleton as shown in
Scheme 1, was first isolated from the Australian brown algae
Notheia anomala in 1980 by Warren et al.'! The relative and
absolute stereochemistry of 1b was established by single-
crystal X-ray analysis on the C18-C19 dihydro derivative, and
application of the Horeau method to the C10 monoacetate,
respectively. Extensive reinvestigation of the same species by
Capon and co-workers in 1998 led to the identification of the
diastereomeric 2,5-cis-disubstituted oxylipid 1a.”) Both 1a
and 1b possess nematocidal activities.”

Since the first synthesis of 1b by Williams and co-workers
in 19840 these oxylipids have served as a testing ground to
evaluate strategies for stereoselective construction of the 2,5-
disubstituted-3-oxygenated THF motif, which is present as an
important structural feature in many biologically active
natural products.) However, relatively few of the many
hitherto published approaches to construct this critical
structural unit utilized a carbon—carbon bond-forming cycli-
zation reaction as the key step. Of the approaches involving
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Scheme 1. Retrosynthetic plan for the oxylipds 1a and 1b. IAEA=
intramolecular amide enolate alkylation, PMB = p-methoxybenzyl,
TIPS =triisoproylsilyl.

carbon-carbon bond formation, the elegant pathways
attempted to date include the use of a Prins-type cyclization,
a Mukaiyama-type reaction, [34+2] cycloaddition, or radical
addition, and predominantly generate the 2,5-cis-disubsti-
tuted THF system. ™!

We describe herein our concise, highly stereoselective,
substrate-controlled asymmetric total syntheses of both 1a
and 1b, which contain 3-hydroxy-2,5-cis- and 3-hydroxy-2,5-
trans-disubstituted THF units, respectively, from a common
intermediate based on a stereodivergent intramolecular
amide enolate alkylation (IAEA) strategy.”! This novel
strategy was derived from the insights garnered during
development of our protecting-group-dependent intermolec-
ular amide enolate alkylation/RCM protocols for the syn-
thesis of medium-ring-ether natural products.”” We wish to
emphasize that our versatile approach offers stereoselective
access to any of the eight possible stereoisomers of the 2,5-
disubstituted-3-oxygenated THF skeleton.

As depicted in our retrosynthetic plan (Scheme 1), we
were confident that 1a and 1b could be obtained by
application of our direct ketone synthesisi-Selectride reduc-
tion protocol”4"8 to tetrahydrofuranyl a-alkoxy amides 2a
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and 2b, respectively. We were intrigued by the possibility that
the key 2a and 2b intermediates might be secured in
a stereodivergent fashion by, respectively employing a che-
late- and nonchelate-controlled IAEA reaction of the corre-
sponding w-bromo a-alkoxy amides 3a and 3b. These amides
3a and 3b have a C7-hydroxy function protected with
a chelating (i.e., PMB) and non-chelating protecting group
(i.e., TIPS), respectively. We envisioned that 3a and 3b could
be synthesized from the common hydroxybromoamide inter-
mediate 4 through appropriate protection of the OH group,
and 4 in turn could be elaborated from the known epoxy

alcohol 5.0

Our asymmetric synthesis of 1a and 1b commenced with
the preparation of the common synthetic intermediate 4
(Scheme 2). Thus, known the threo-epoxy alcohol 5%

(nBu)4NBr
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Scheme 2. Synthesis of the IAEA substrates 3a and 3b. BRSM =based

on recovered starting material, Tf=trifluoromethanesulfonyl.
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prepared from commercially available (E)-oct-2-en-1-ol by
a three-step sequence (chlorination,!"”! Sharpless asymmetric
dihydroxylation,'!! epoxide formation), was subjected to
Williamson O-alkylation with N,N-dimethyl chloroacetamide
to deliver the desired epoxy a-alkoxy amide 6 in 98 % yield.
Regioselective opening of 6 with (nBu),NBr in the presence
of Mg(NO;),6H,0 furnished 4 in good yield (90%).1%
Protection of the hydroxy group in 4 as either the PMB or
TIPS ether using the reaction conditions reported by the
groups of Bundle!™ and Corey," respectively, afforded the
corresponding 3a and 3b in good yields.

With 3a and 3b in hand, we first investigated the desired
chelate-controlled IAEA reaction of 3a for the synthesis of
1a. In the event, treatment of 3a with LiHMDS in THF at
—78°C for 1 hour led to exclusive formation of the desired
6,9-cis-THF 2a in 91 % yield (entry 2 in Scheme 3), presum-
ably via a chelated transition state geometry (A).'") The ROE
(rotating-frame Overhauser effect) interaction between pro-
tons on C6 and C9 in 2a was supportive of the assigned
cis relative stereochemistry. As shown in the table in
Scheme 3, neither the solvent (entries6 and 7) nor the
cation of the base used (entries 2, 4, and 6) seemed to affect
the yield and diastereoselectivity in a significant manner.
Meanwhile, a lower reaction temperature was found to
improve the yield appreciably (0 versus —78°C; entries 3
and 5 versus 4 and 6, respectively).

Having accomplished a highly stereoselective synthesis of
2a, we next turned our attention to construction of 2b for the
synthesis of 1b. Thus, subjection of 3b, with a TIPS-protected
alkoxy group at C7, to KHMDS in THF at —78°C for 1 hour
gave rise to 2b as the major isomer (cis/trans=1:71) in
excellent yield (95%; entry 10 in Scheme 3). The TIPS-
protected alkoxy group is known to be a poor coordinating
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2 PMB LiIHMDS THF -78 91 cis only 9 TIPS NaHMDS THF —78 86 1:7
3 PMB NaHMDS THFE 0 53 >178:1 10 TIPS KHMDS THF -78 95 1:71
4 PMB NaHMDS THFE —78 94 cis only 11 TIPS KHMDS | toluene | —78 100 1:3
5 PMB KHMDS THF 0 71 >135:1 12 TBS KHMDS THF -78 79 1:13
6 PMB KHMDS THF -78 | 94 >105:1 13 TES KHMDS THF -78 | 90 1:1
7 PMB KHMDS | toluene | -78 | 94 cis only 14 T™MS KHMDS | THF | -78 | 42 >10:11
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Scheme 3. Intramolecular amide enolate alkylation of 6,7-syn-bromoamides. HMDS = hexamethyldisilazide, TBS = tert-butyldimethylsilyl, TES =
triethylsilyl, TMS = trimethylsilyl.

6608 www.angewandte.de © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2016, 128, 6607 —6611


http://www.angewandte.de

GDCh
~~

group for steric and electronic reasons,/**¢&h-130ikl anq the
observed stereoselectivity could be rationalized by invoking
a nonchelated transition-state geometry (B2) which mini-
mizes steric repulsions present, between the bulky TIPS-
protected alkoxy group and the amide enolate moiety, in the
alternative nonchelated transition-state (B1). Diminished
diastereoselectivity was obtained when smaller silyl groups
were used. Thus, upon treatment with KHMDS in THF at
—78°C, the cis/trans diastereoselectivity for the TIPS-, TBS-,
and TES-protected cyclization substrates was 1:71, 1:13, and
1:1, respectively (entries 10, 12, and 13). This trend is
consistent with a strong steric effect of the silyl group. In
the case of the least bulky TMS protecting group, however,
a 10:1 mixture of desilylated products was obtained in favor of
the cis isomer after acid treatment, albeit in low total yield
(42 %).1% This reversal of stereoselectivity is in accord with
observations by Reetz and Hiillmann in their study of
nucleophilic addition to a-silyoxyketones. They reported
that the TMS-protected alkoxy group led to a surprising
degree of chelation-control, thus suggesting that steric factors
appear to be more important than any electronic effect
because of the silyl group.'™® It is interesting to note that
unlike the intramolecular alkylation of 3a, that of 3b
exhibited better trans/cis diastereoselectivity (entries 10 and
11) in more polar solvent, which would favor a nonchelated
species. Upon exposure of 3b to KHMDS at —78°C, the trans/
cis diastereoselectivity observed in THF and toluene was 71:1
and 3:1, respectively. Likewise, bases with larger cations
showed superior trans/cis selectivity (entry 8-10). With 3b in
THF at —78°C, the trans/cis diastereoselectivity observed for
KHMDS, NaHMDS, and LiHMDS was 71:1, 7:1, and 4:1,
respectively.®®

For the completion of the synthesis, application of our
direct ketone synthesis protocol™®48 o 2a with CH,=
CH(CH,);MgBr, followed by stereoselective L-Selectride
reduction"**4817 of the resulting ketone in a Felkin—~Anh
sense, afforded the desired secondary alcohol 7a in 76 %
overall yield for the two steps (d.r.: 26:1; Scheme 4). Finally,
removal of the PMB group in 7a by treatment with DDQ in
wet CH,Cl, under the Yonemitsu conditions!'®! delivered the
oxylipid 1a in 82% yield. The TIPS-protected 2b could be
elaborated to deliver the oxylipid 1b in 50% overall yield
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Scheme 4. Completion of the synthesis. DDQ =2,3-dichloro-5,6-
dicyano-1,4-benzoquinone, TBAF = tetra-n-butylammonium fluoride.
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(over three steps; d.r.: 18:1) by using a pathway similar to the
above-described sequence for la, except that the TIPS
protecting group in 7b was removed by exposure to TBAF.
The spectral data and optical rotations of our synthetic 1a and
1b were in good agreement with those reported for the
natural products as well as other synthetic materials. We draw
attention to the fact that the diastereoselectivity observed in
our direct ketone synthesisi-Selectride reduction sequence
(26:1 for the 6,9-cis series; 18:1 for the 6,9-trans) is far
superior to that reported in previous syntheses for alternative
procedures employing the Grignard addition of CH,=CH-
(CH,);MgBr to tetrahydrofuranyl aldehydes (3:1 to 5.5:1 for
the cis series with a free hydroxy group at C7;%°4 and 2.5:1 to
6:1 for transt*dtei-al)

To further demonstrate the potential of our IAEA
approach, we embarked upon the synthesis of the 6,9-cis-
and 6,9-trans-THF skeletons with the complementary 6,7-
trans relative stereochemistry, as summarized in Scheme 5. In
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Scheme 5. Intramolecular amide enolate alkylation of 6,7-anti-bromo-
amides.

(6,7-cis-6,9-cis)

the event, we were pleased to find that the IAEA reaction of
the PMB- (3¢) and TIPS-protected (3d) 6,7-anti-bromo a-
alkoxy amides, derived from the known erythro-epoxy alcohol
51 using a protocol similar to the above-described sequence
for 5, led to the corresponding 6,7-trans-6,9-trans- (2¢) and
6,7-trans-6,9-cis-THF (2d) products through chelate and
nonchelate control, respectively, with high stereoselectivity
in good yield. Since both enantiomers of the threo- (5) and
erythro-epoxy (5') alcohols are readily accessible through
asymmetric dihydroxylation”*! and Sharpless kinetic reso-
lution,™ respectively, the present IAEA reactions of 6,7-anti-
bromo a-alkoxy amides, coupled with those of 6,7-syn-amides
(Scheme 3), provide optional access to any of the eight

www.angewandte.de

An dte

Chemie

6609


http://www.angewandte.de

An dte

Chemie

GDCh

N L Zuschriften

possible 2,5-disubstituted-3-oxygenated THF stereoisomers
in a highly stereoselective fashion. It is worth mentioning that
the application of a deprotection/Mitsunobu sequence on 2a
and 2b also proceeded without incident to give the corre-
sponding Mitsunobu products, which were then further
converted into 2d and 2c¢, respectively, for structure correla-
tion purposes (see the Supporting Information for details).?"

In conclusion, we have accomplished concise, highly
stereoselective substrate-controlled asymmetric total synthe-
ses of both nematocidal oxylipids 1a and 1b which contain the
3-hydroxy-2,5-cis- and 3-hydroxy-2,5-trans-disubstituted THF
unit, respectively, in a stereodivergent fashion from the
common intermediate 4. These routes, which proceed in
seven steps from known epoxy alcohol §, provide stereose-
lective access to both 2,5-cis- (2a) and 2,5-trans-THF (2b)
stereoisomers by a highly efficient intramolecular amide
enolate alkylation of 3a and 3b, respectively, through
corresponding chelate and nonchelate control. To the best
of our knowledge, our approach holds the distinction of being
the only extant synthesis in which the respective 2,5-cis and
2,5-trans relative stereochemistry in the THF core of 1a and
1b was established with high stereoselectivity through
a carbon—carbon bond-forming cyclization in a stereodiver-
gent fashion from a common intermediate. Furthermore, our
IAEA-based approach offers optional, highly stereoselective
access to any of the eight possible 2,5-disubstituted-3-oxy-
genated THF stereoisomers.
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