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Described herein is the asymmetric synthesis of a functionalized, trioxadecalin unit that comprises the
right-hand part of the mycalamides and related natural products. The synthetic route involves a 16-step
sequence that accomplishes the formation of two heterocyclic rings and the generation of five stereocenters.
The synthesis commenced with a C2-symmetric starting material, diettaytrate, and took advantage
of a relay of diastereoselective reactions to extend this four-carbon chain and introduce new chiral centers.
Subsequent electrophile-mediated cyclization afforded the desired pyran ring, which was then transformed
into the desired, functionalized trioxadecalin skeleton.

Introduction M5076, Burkitt's lymphoma, and MX-1 and CX-1 human tumor
xenograft®. Mycalamide A also displays significant anti-viral
activity as well as immunosuppressive action against T-cell
activation in micé® Interestingly, the structures of these sponge
derived compounds are strikingly similar to that of pederin, a

Mycalamides A-D,12 onnamides A-F?2 and theopederins
A—L* are structurally related natural products isolated from
marine sponge of the genelkdycale and Theonella,collected
from New Zealand and Okinawan waters. These compounds - ; . .

o . . strong insect poison isolated from the terrestrial beBtéederus
all exhibit potent cytotoxicity, subnanomolar in many cases, fusciped
against various tumor cell lines. Mycalamide B (Figure 1), P ) _ )
in particular, has been evaluated as an anti-tumor agent based These structurally challenging and potently bioactive com-
on its in vivo activity against P388 murine leukemia and a Pounds have stimulated considerable attention from the organic
variety of solid tumor model systems, including Lewis lung, Synthesis community. Kishi's pioneering total synthesis of
mycalamide A and B was followed by reports from many other

* Corresponding author. Phone: (773) 702-2194. Fax: (773) 702-0805. research groups, including Nakata, Roush, Kocienski, Trost, and

; The University of Chicago. Toyota, on the total syntheses or formal syntheses of several
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FIGURE 1. Structures of mycalamides A and B, onnamide A pederin, theopederin A.

SCHEME 1. Hong—Kishi Disconnection of Mycalamides to

analogues of these natural proddg¢tend SAR study of e L. - _
Pederic Acid and Mycalamine Units

derivatives prepared from naturally occurring mycalamides have
also been reporte®d. The published synthetic studies were
accomplished, for the most part, through a strategy that entailed
the coupling of the left half3) portion with the right half 4),
often through an amide bond formation. The left half of
mycalamide A is identical to the left half of pederin, and this
portion is commonly referred to as pederic acid. Over the years,
there has been extensive work on the synthesis of pederin, and
this effort has resulted in several solutions to the synthesis of
the pederic acid unit. Consequently, in 1993, when we began
our work in this area, we focused first on the synthesis of right
part of the mycalamides, known as mycalamidg (Vith six
stereogenic centers decorating an array of nine contiguous
carbons, mycalamine presents a formidable synthetic challenge.

Our analysis revealed that the core of mycalamine could
potentially be fashioned from the C2-symmetric chiral pool

compound, tartaric acid. We report here the results of our efforts

to transform diethyl tartrate into the tetrahydropyran-containing,
trioxadecalin skeleton of mycalamine.

Retrosynthetic Analysis.When these studies were initiated,
the only work on the synthesis of the mycalamides was the work
of Hong and Kishf219These authors had reported the successful
coupling of pederic acid3) with mycalamine 4) to yield
mycalamide A (Scheme 1). In light of this accomplishment,
our goal was to develop a strategy that would enable us to
synthesize mycalamine more efficiently and by a route that
controlled all newly created stereocenters.

The essence of our strategy to mycalamine is depicted in

(9) Mycalamide B and theopederin D: Kocienski, P.; Narquizian, R.;
Raubo, P.; Smith, C.; Farrugia, L. J.; Muir, K.; Boyle, F.JT.Chem. Soc.,
Perkin Trans. 12009 2357 and references therein. See also ref 8a for
mycalamide B.

(10) Onnamide, A.; Hong, C. Y.; Kishi, YJ. Am. Chem. Sod 991,
113 9694.

(11) Mycalamine unit and model study: (a) Rech, J. C.; Floreancig,
P. E.Org. Lett.2003 5, 1495. (b) Gardiner, J. M.; Mills, R.; Fessard, T.
Tetrahedron Lett2004 1215. (c) Toyota, M.; Hirota, M.; Hirano, H.; Ihara,
M. Org. Lett.200Q 2, 2031. (d) Breitfelder, S.; Schlapbach, A.; Hoffmann,
R. W. Synthesid998 468 and references therein. (e) Roush, W. R.; Marron,
T. G. Tetrahedron Lett1993 34, 5421.

(12) (a) Fukui, H.; Tsuchiya, Y.; Fujita, K.; Nakagawa, T.; Koshino,
H.; Nakata, T.Bioorg. Med. Chem. Lettl997, 7, 2081. (b) Abell, A. D.;
Blunt, J. W.; Foulds, G. J.; Munro, M. H. G. Chem. Soc., Perkin Trans.
11997 1647. (c) Takahashi, S.; Okada, A.; NakataHEterocycle004
63, 2111.
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left half (pederic acid)
3: PG=protecting group

right half (mycalamine)
4a: R1, R2 =PG
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SCHEME 2.
Mycalamides

Retrosynthetic Analysis of the Right Part of

OPG OPG
7
OH
Eo, C)\rCOgEt
OH

diethyl D-tartrate (10)

Scheme 2. The densely functionalized trioxadecalin framework
(5), which also contains a labile aminal linkage, was expected
to be derived from hydroxyaldehyde Pyran6 could, in turn,
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SCHEME 3.
D-Tartrate

Preparation of Aldehyde 12 from Diethyl

OH

EtOZC/H/COZEt

OH
10

1. (MeO),CH,, P,05 OMOM

CH,ClI, (quant)
2. LiAlHy4, Et,0
reflux (86%)

HO OH

OMOM
1"

OMOM
Ox

1. n-BuLi,TBDPSCI
THF (quant)

2. (COCl),, DMSO
EtsN, CH,Cl, (90%) 12

OTBDPS
OMOM

be formed from an acyclic precursor such7ashrough either
electrophile or nucleophile promoted cyclization. Further analy-
sis revealed that embedded inwas a four-carbon piece that
was derivable from the C2-symmetric compound, tartaric acid,
readily available in both antipodes. The required starting
material, diethyb-tartrate (L0), would not only provide two of

the stereocenters, C-11 and C-12, but also offer handles for the 1

introduction of additional stereocenters. After transformation
of 10into a properly protected aldehyd8)(the third stereo-
center (C-13) as well as the geminal dimethyl groups could be
introduced by a chelation-controlled addition of tributylprenyl-
stannaneq).

Results and Discussion

Tartrate Desymmetrization and Diastereoselective Pre-

Zhong et al.

MOMO  OTBDPS

chelation
controlled
_

13

FIGURE 2. Chelation-controlled addition of aldehyde.

TABLE 1. Diastereoselective Tributylprenylstannane Addition to

Aldehyde 12
OMOM
OMOM >=L HO.
Oy oTBOPS SnBug . OTBDPS
OMOM Lewis acid g OMOM
CH,CI |
12 2v2 13
entry Lewis acid temp (time) yield dr
TiCly —78°C (25 min) 65% 14:1
2 BRrOEL —78°C (25 min) messy
3  ZnBn -78°C very slow
4  ZnBn rt(8h) 77% 2:1
5 ZnBnr -10°C(2d) 81% >12:1
6 ZnBn ~78t00°C (6h)then0°C (2h) 90%  >50:1

equivalent because of C2 symmetry, so protection of one renders
the molecule unsymmetrical. The desymmetrization was ac-
complished in quantitative yield by treatirdd with 1.2 equiv
of n-BuLi and 1 equiv oft-butyldiphenylsilyl chloride (TBDP-

nylstannane Addition. Central to the strategy to mycalamine ) in THF solution. Swern oxidation of the free alcohol gave
was the use of a tartrate-derived four-carbon piece, to which 6 ‘gesired aldehydel?), which was poised for a key €C
would be grafted the additional carbons through diaStereose'bond-forming step, the addition of tributylprenylstannane.
lective reactions. In preparation for this, the hydroxyl groups  the plan for the introduction of the gem-dimethyl group
of diethylp-tartrate needed to be protected. The methoxy methyl oniailed reaction of stanna@avith aldehydel2in the presence
ether (MOM) protecting group was selected over a silyl group ot 4 gyitable Lewis aci#d 16 Diastereoselective addition was
because_lt was expected to be stable to the basic Cond'“fmsexpected on the basis of the chelation-Cram model (Figure 2),
present in the next few steps, yet removable under milk \yherein the prenyl unit would add to the less hindered face of
condition when necessary and compatible with the required he conformationally locked carbonyl. Several conditions were
chelation-controlled addition of the prenyl unit. Importantly, the  oyamined for this addition reaction, and the results are sum-
hope was to parlay the methylene of the MOM group into the 41ized in Table 1. The addition produkd was obtained with
—CH,_ of the C-ring acetal. Treatment of tartrdil@with P,Os  pigh diastereoselectivity (14:1), but in modest and variable yields
in dimethoxymethane and dichloromethane afforded the bis- (,; o 650) with TiCh as the Lewis acid at-78 °C.

MOM protected tartrate in quantitative yield (Scheme'8).  pecomposition products usually accompanied the desired
Attempted reduction of the bis-MOM ester with DIBAL-H 10 5qyct. In one instance, the major side-product was the
yield a_mono-aldehydf_e directly proved unsatisfactory due_to expected addition product in which the MOM group on the
competing over reduction of the aldehyde as well as reduction 4gjacent alcohol had been removed. Although not sought at the
of the second ester. ggnsgquently, the bis-MOM ester wasime this regioselectively deprotected diol could prove quite
reduced down to dial1>2using an excess amount of LIAH  seful in an improved synthesis of the trioxadecalin skeleton.
The high water solubility of diolL1 made it difficult to isolate A messy reaction was observed with BE,O as the Lewis

by standard extraction. Good results were obtained, however, 5ciq The best results were obtained using the weak Lewis acid,
when the reaction was quenched with a minimum amount of 7,5, The reaction rate and diastereoselectivity were found to
water, and the gelatinous, crude reaction product was subjecteq,ary significantly with temperature. Whereas a very slow
to Soxhlet extraction with THF for 48 h. Alternatively, the diol | o5ction took place at78 °C, it progressed quickly at room
was isolated in good yield upon quenching the reaction by temperature (8 h, 77%), albeit with poor diastereoselectivity (2:
successive addition of water (1 mL/1 g of LAH), 15% NaOH 1) The reaction proceeded well-a.0°C and afforded alcohol

(1 mL/1 g of LAH), and water (3 mL/1 g of LAH), followed 13 i 8194 yield and with>12:1 diastereoselectivity. The

by filtration.15> The two hydroxyls in11 are chemically

(13) (a) Thompson, A. M.; Blunt, J. W.; Munro, M. H. G.; Perry, N. B,;
Pannel, L. K.J. Chem. Soc., Perkin Trans.1B92 1335. (b) Thompson,
A. M.; Blunt, J. W.; Munro, M. H. G.; Clark, B. MJ. Chem. Soc., Perkin
Trans. 11994 1025. (c) Thompson, A. M.; Blunt, J. W.; Munro,
M. H. G.; Perry, N. BJ. Chem. Soc., Perkin Trans.1D95 1223.

(14) Fuji, K.; Nakano, S.; Fujita, ESynthesisl975 276.

(15) (a) Dulphy, H.; Gras, J.-L.; Lejon, Tetrahedronl996 52, 8517.
(b) Fieser, L. F.; Fieser, MFieser and Fieser's Reagents for Organic
SynthesisWiley & Sons: New York, 1967; Vol. 1, pp 583584.
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conditions were fine-tuned, such that the major product was
obtained in 90% yield with essentially none of the minor
diastereomer.

(16) (a) Keck, G. E.; Boden, E. Hetrahedron Lett1984 25, 265. (b)
Keck, G. E.; Boden, E. PTetrahedron Lett1984 25, 1879. (c) Keck,
G. E.; Abbott, D. E.; Boden, E. P.; Enholm, E.Tktrahedron Lett1984
25, 3927. (d) Marshall, J. A.; Gung, W. Yletrahedron Lett1989 30,
2183. (e) Marshall, J. A.; Luke, G. B. Org. Chem1991, 56, 483 and
references therein.
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SCHEME 4. Determination of Stereochemistry of Addition SCHEME 5. Corroboration of the Assigned
Product 13 Stereochemistry of C-13
OMOM 1. TBAF, THF (quant) Q NPSP. CSA Q
2. TPAP, NMO, MS H.Cl MeO...
CH,Cly, 1t (61 %) CHaCla 1t ;
3. BBr3*Me,S (quant, 1.1:1 ratio) o
CH,Clp, 0°Cto 1t
(69 %)
17 SePh
Ag,0, Mel MeO... SCHEME 6. Electrophilic Cyclization of Bis-MOM Alkene
CH,Cly, 1t, 24 h + 18
OMOM OMOM
NaH, Mel

oTBDPS  THF, it
OMOM (98%)

3.30%

MOMQ
NPSP  MeQ, /

NOE CSA
CH,Cl,
(85%)
dr1.1:1 19 SePh
18 —
To determine the stereochemistry of the newly formed chiral NBS MoMQ
. . MeO,
center, alcoholl3 was converted into a cyclic form, such that CH,Cl, ”
NOE analysis would reveal the relative position of different 0
substituents (Scheme 4). Removal of the TBDPS group with ~
TBAF followed by treatment of the resulting diol with NMO/ o 20 Br 20a BY

TPAP combination provided a lactone in 61% yiéldJnfor-
tunately, the relative stereochemistry of the substituents in the
lactone could not be determined, because the critical signals in
its IH NMR spectrum were not cleanly separated. The same
problem was encountered with didd4, obtained upon the
removal of both MOM groups with BBrMe,S18 A suitable
NOE sample was finally obtained by converting didlinto a
monomethoxy derivative. Treatment b4 with Ag,O and Mel

in CH.CI, gave, in low yield, a 1:1 mixture of the mono- and
dimethylated products. The yield of this reaction was not
optimized because enough material was obtained for the purpos
of NMR analysis. All protons in the NMR spectrum 6 were
nicely separated, and NOE analysis indicated that the stereo-
chemistry of the newly formed center was as shovéh (
configuration), as expected for chelation-controlled addition of
the prenylstannane.

A chemical transformation corroborated the above assigned
stereochemistry. Lactone-alcotid readily underwent a facile
selenoetherification reaction to afford bicyclic compoudrfdn
guantitative yield, as a 1:1 mixture of diastereomers (Scheme
5).191f the prenyl unit were oriented trans to the free hydroxyl,
then the cyclization would be expected to proceed with
difficulty, if at all, as it would produce the strainéchns[5,5]-
bicyclic lactone. These results confirmed that ZsBromoted
addition of tributylprenylstannane) onto aldehydel2 was
chelation controlled and that it introduced the desired stereo-
chemistry at the C-13 carbon center.

Formation of Tetrahydropyran Ring by Electrophilic
Cyclization. After the stereoselective installation of the prenyl
group, the next objective en route to mycalamine was formation

of the tetrahydropyran ring through an electrophile-mediated
cyclization reaction. An important requirement for this process
was that the cyclization produce the tetrahydropyran ring with
the 2 and 6 position substituents in a trans arrangement. In
preparation for the cyclization, the hydroxyl group I8 was
converted into a methyl ethet&), as required for the natural
product (Scheme 6). Treatment ®8 with NaH and Mel in
THF at room temperature gave the methyl ether in excellent
eyield (>90%). Although there was no precedent for the direct
electrophilic cyclization of MOM-protected alcohols (e.§j8)
onto an alkene, it was investigated as it represented the most
concise route to the desired pyr&iVhen MOM etherl8 was
treated with eitheiN-phenylselenophthalimide (NPSP) bk
bromosuccinimide (NBS), a facile cyclization took place.
Whereas the reaction with NPSP was unselective, the reaction
with NBS proceeded with high diastereoselectivity. From the
NMR spectra of the products, however, it was not clear if the
cyclizations had given the five- or six-membered ring products.
Because it was not possible to unambiguously distinguish
between the different products in the above reaction, several
derivatives of the cyclization products were prepared for NMR
study as well as X-ray crystallographic analysis. Ultimately,
successful structural assignment was possible withigbr,
potentially,22), which was obtained by deprotection of bromide
20 (or 209). All of the protons in21 were sufficiently separated
so as to allow a detailed proteiproton decoupling study (Figure
3). Protona, which appeared most downfield among such
protons, was coupled to protdm the only one in the group
that can give a unique doublet. This coupling pattern can only

(17) Bloch, R.; Brillet, C.Synlett1991, 829.

(18) Williard, P. G.; Fryhle, G. BTetrahedron Lett1980, 3731. (20) (a) Rychnovsky, S. D.; Bartlett, P. A. Am. Chem. Sod981, 103
(19) Nicolaou, K. C.; Petasis, N. A.; Claremon, D.Petrahedronl985 3963. (b) Bartlett, P. AAsymmetric Synthesi984; Vol. 4, pp 411454
41, 4835. and references therein.
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SCHEME 8. Electrophilic Cyclization of Benzoyl Alcohol
26 To Give Six-Membered Product 27

BzCl,DMAP e,
pyridine -

(95%)

FIGURE 3. Determination of the structure of cyclization product by
1H NMR decoupling pattern of the derivative 2i or 22.

SCHEME 7. Differentiation of the Two Hydroxyl Groups
and Cyclization OTBDPS  NBS, DMF

(0]

A<

(77%)

OH

OR 1. PPTS, i-PrOH  MeO,
a reflux (80%) b

OTBDPS 2. TMSCI, EtsN
CH,Cl; (83%)

SCHEME 9. Establishment of Absolute Stereochemistry of

13:. E;wOM 3 Cyclization Product
: 1. NaH, MOMCI
THF, rt (53%) OBz OBz
2. TBAF, THF

OTBDPS conc. HCI

quom MeOH, rt
NBS, CH,CN  MeO- OH (88%)
o}
<
21, sole product 24 OBz
. . . MeO,,. OH
occur in the five-membered ring compou2d. Indeed, no not )
coupling would be expected between prot@nandb in the iy
six-membered ring compoun@2. The five-membered ring ~ar

product was also produced upon electrophilic cyclizatioh&f 28a

(vide infra), the free diol that results from removal of the two
MOM groups of18.

On the basis of the above results, it was clear that we would
need to manipulate the protecting groups on the oxygens to
differentiate them and thereby overcome the kinetic preference
for five-membered ring formation. The two MOM groups of
18 were removed in refluxing-PrOH with a catalytic amount
of PPTS to give the corresponding didg) in 80% yield
(Scheme 7% Treatment of dioll8 with 1.2 equiv of TMSCI
and an excess amount of triethylamine in i promoted the
selective, but slow, formation of the monoprotected silyl ether
23. The reaction proceeded well with 2 equiv of TMSCI and
yielded only the mono-silyl product in 93% yield. This result
illustrates the significant differences that exist in the chemical
and steric environments of these two hydroxyl groups. To
prevent the formation of a five-membered compound by
electrophilic cyclization, the free alcohol was protected with
the MOM group using NaH followed by MOMCI. Subsequent
removal of the TMS and TBDPS groups using TBAF gave diol
24 in 53% overall yield.

Surprisingly, the electrophilic cyclization &4 with NBS
again gave the five-membered digll as the sole product
(Scheme 7). These results highlight in an emphatic way the
strong kinetic preference for the formation of the five-membered
ring product. Despite the presence of a free hydroxyl group
available for the formation of the six-membered ring, the MOM
protected hydroxyl participated instead and produced the
kinetically preferred five-membered ring product.

It was clear from the above results that the C-12 hydroxyl
had to be blocked by a more effective protecting group. The

benzoyl group was chosen as it was expected to resist the
electrophilic cyclization conditions and, more importantly, to
reduce the nucleophilic capability of the C-12 oxygen. Introduc-
tion of this group on23 was found to be difficult under
conventional conditions due to the greater steric hindrance of
the C-12 hydroxyl group. Under forcing conditions, the major
product resulted from a desilylative benzoylation of the C-11
alcohol. The desired benzoyl produ@5f was eventually
obtained in excellent yield when the reaction was carried out
using pyridine as the solvent for the reaction. Selective removal
of the TMS group using PPTS in MeOH gave alcoB6|which

was expected to give only the six-membered ring product.
Indeed, upon treatment of alcoh@b with NBS, a smooth
cyclization took place to form desired tetrahydropyran derivative
27 in 77% vyield, as a single diastereomer (Scheme 8).

With the six-membered product in hand, the next issue was
determination of the stereochemistry at the newly formed chiral
center. The relative stereochemistry in py&hcould not be
established unambiguously even after extensive NMR studies.
Because a definitive answer was available by X-ray crystal-
lographic analysis, several derivative23fwere prepared with
the hope of getting one that was nicely crystalline. A suitable
crystal was finally obtained from alcohd®8, prepared by
treatment of27 with concentrated HCI in MeOH (Scheme 9).
Unfortunately, the result of X-ray analy3f3 of 28 indicated
that the newly formed chiral center had tReconfiguration,
epimeric to that found in the natural products. In other words,

(22) (a) The ORTEP diagram and X-ray crystallographic dat28adre
in the Supporting Information. (b) Chamberlin, A. R.; Dezube, M.; Dussault,
P.; McMills, M. C.J. Am. Chem. S0d.983 105, 5819. (c) Reitz, A. B.;
(21) Monti, H.; Leandri, G.; Klos-Ringquet, M.; Corriol, CSynth. Nortey, S. O.; Maryanoff, B. E.; Liotta, D.; Monahan, Ill, R.Org. Chem.
Commun.1983 13, 1021. 1987 52, 4191.
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TABLE 2. Electrophilic Cyclization of 26 under Different SCHEME 10. Stereochemistry Determination of 29a and
Reagents and Conditions 29b
OBz OBz OBz H OBz
) 0, =
OTBDPS  MeO. OTBDPS MeO.. OTBDPS conc. HCI  84% (" OH
condition o L o)
H 27:X=Br S MZ?;’ " 42‘7(:‘H
27" X=| ~ o 2% N> geph
291 X=SePh SePh H
29a 4.3% 30
reagent solvent temp time (h) yield retio
NBS DMF rt 20 77% a-H only OBz OTBDPS OBz OTBDPS
NIS CHCl, 1t 4 1:2.3 MeO,,
I(collidine),ClOs CH,Cl, rt 1 73% 128 BusSnH, AIBN
12, prop. oxide CHCl, rt 1 1:4.2 PhH, reflux, 1 h
Hg(OAc); Br,  THF rt 12 71% o-H only 76-85%
NPSP, CSA DMF rt 4 87% 1.1:1 31
NPSP, CSA DMF 80°C 1 82% 1:1.1 20b: X = SePh
NPSP, CSA DMF  —20°Ctort 8 66% 1:1.3 27 :X=Br
NPSP, CSA DMF rt 4 87% 1.1:1
NPSP, CSA DMF 80°C 1 82% 1:1.1 SCHEME 11. Mechanistic Pathway for Cyclization of 26
NPSP, CSA CHCl; rt 8 78% 1.8:1 0Bz
NPSP, CSA CkCl, -78°C 6  norxn
NPSP, CSA (CICH),  reflux 1 151
NPSP, CSA CGl rt 48 66% 1.6:1 ~
PhSeBr DMF  —-30°C 4 1:2.3
PhSeB I t 11
SeBr CHCl, 1 5 ya 25 N\
a B-Hlo-H. - -4 r -
OTBDPS Me OBz
BzO
rather than the desired 2tGnspyran, the product obtained ",{/'Igo X
was the 2,6eis-pyran. This outcome was puzzling because our /O
analysis of the problem, as well as literature precedent with | Me U 1 L
simpler system&®had suggested that the major product would 0Bz 9 r

be the desiredranspyran,28a
Two different avenues were investigated to address the
diastereoselectivity issue. One approach was to improve the

Me(i(‘j/\omops
~__OH
&N R

desired diastereoselectivity by varying the reagents and the :\x 33a

reaction conditions. The other was to control the available L 4 L
conformations for the transition state in the electrophilic 1

cyclization by chemically modifying and restricting the flex- 0Bz

ibility of the cyclization precursors. To evaluate the first tactic, MeO,

the cyclization of precurso?6 was carried out using a wide : ! OTBDPS

variety of reagents and conditions. Some of these results are

summarized in Table 22022 Ny 34a
As can be seen from the results, NBS in DMF promoted the

most selective cyclization, albeit to produce the undesired pyran assigned structures. Reduction2sh, the minor diastereomer

derivative. Most of the other electrophiles afforded modest from NPSP cyclization, with B4SnH gave pyraB123identical

selectivity, producing more-or-less equal amounts of the Wo 4o product obtained from the reduction of bromi¥e The
diastereomeric products. The reaction temperature did not aﬁECtreIative stereochemistry of the latter had been established by

diastereoselectivity significantly. The most promising result was X- tall hi lvsi d ibed I
with N-phenylselenophthalimide (NPSP), which gave the two (sliim?ﬁf ographic - analysis, as described  earlier

diastereomers in approximately a 1:1 ratio in DMF. A study of The differing stereochemical outcome of the NBS- and NPSP-
§olvent effects showed that the desired prgduct predom'r.‘awdmediated cyclizations is difficult to understand. The reaction
in Iess po_Iar solvents. Under the b?St conditions fou_nd, usINg a,tcome is expected to depend on the kinetic selectivity for
combination of NPSP and .CSA In GEl, the _cyc||zat|on . the cyclic onium ion formation as well as equilibration between
proceeded to afford the desired diastereomer in a 1.8/1 ratio., - possible onium ions3@a/32 prior to cyclization??b In

The structures of the two cyclization products were assigned o case of NBS cyclization, formation of the three-centered
by correlation to28, whose structure was established through .5 onium species is generally believed to be freely revers-

X-ray crystallography. The diastereomeric mixture of the NPSP 0 24 4 the ohserved diastereoselectivity may reflect the greater
cyclization products (X= PhSe,29a and29b) was separable
by flash column chromatography. Treatment 2®a with
concentrated HCI in MeOH gave alcoh8D, whose NMR Synthesi<987, 665.
spectrum had all oxygen-substituted protons nicely separated.K (24)k(a)KBngm'AR' gh Ge%’e@%& ?ge(it>zgl<1%—T(iLI§,SlT.;bBul(scr1Tell<l(, |J_| M.;
i N oAt opecky, K. R.J. Am. Chem. So . ebocka-Tilk, H.;
NOE experlments_qonvmcmgly showed tha_t the cyclization had Ball, R. G.: Brown. R. SJ. Am. Chem. S0d985 107, 4504, (c) Bellucci.
taken place to position the selenomethyl unit trans to the benzoyl g . gianchini, R.: Ambrosetti, RJ. Am. Chem. Sod 985 107, 2464. (d)
group. A chemical correlation provided further support to the Bellucci, G.; Chiappe, C.; Marioni, Fl. Am. Chem. S0d.987, 109, 515.

(23) (a) Ramaiah, MTetrahedron1987, 43, 3541. (b) Neumann, W. P.

J. Org. ChemVol. 72, No. 2, 2007 391



Zhong et al.

JOC Article

{ OR J\ \ OR J\ SCHEME 13. Electrophilic Cyclization of Acetonide
AI/SO vs \*I/:O Alcohol 42
HOT =0 HOT =0 0Bz OR
5% HCI, MeOH
35a 35b MeO,,. LOTMS o e he MeO,,, “OR;

FIGURE 4. Two possible transition states &5 in electrophilic

cyclization.
25 39 Ry = Bz, Ry = H (26%)
SCHEME 12. 40 Ry = H, R, = Bz (46%)

Acetonide 37

Synthesis and Attempted Cyclization of

OMOM

(MeO),CMe; 2 N NaOH

40 p-TsOH MeOH
DMF, rt, 4 h rt,12h

(94%) (98%)
p-TsOH (cat)
acetone
l NBS, DMF O><O J\

| id

propylene oxide MeO,, (0]

rxn conditions 36 37
rt, 24 h 78-85% 6-20%
reflux, 36 h 0-17% 52-68%

NBS, DMF
propylene oxide
,24 h

(67%)

#\ o
o,

desired product Oa,

not formed OTBDPS

0]

M 8h
(55%), dr 1:1.9

43 "Br

electrophile in Figure 4, the acetonide ring was expected to lock
the system and allow cyclization by only one of the two possible
transition states. Transition ste88awould lead to the desired
diastereomer, as it is expected to be of lower energy #%m
which should experience more 1,3-diaxial interactions during
the ring closure.

The required “locked” precursors were prepared from alcohol
13, the prenylstannane addition prodéttUpon treatment of
13 with p-TsOH in acetone, the alcohol was converted to
acetonide36 in good yield (Scheme 12). When the reaction
was carried out under more vigorous conditions, the second
MOM group was also removed, giving alcol8¥ as the major
product. Numerous reagents and reaction conditions were
examined for carrying out the electrophilic cyclization 36
and 37, but to no avail. In no case were cyclized products
obtained. The only time an isolable, electrophile addition product

~Br was obtained was whe3¥ was treated with NBS and propylene
oxide in DMF for 24 h at room temperature. These conditions
thermodynamic stability of the cyclized intermediate, tetrahy- Produced in 67% yield a formate-containing product (tentatively
dropyranonium ior83b. In other words, reversible formation ~ @sSigned a88), presumably by addition of DMF to the expected
of the two bromonium ions is followed by ring closure to give Promonium ion followed by hydrolysis. These results show that
the more stable final producB4b. In the case of NPSp  the cyclization product, @ransfused 5,6-bicyclic system, is
cyclization, the three-centered selenonium intermediate from the €vidently too strained to be formed under the reaction conditions
first step is expected to be relatively stable. The stereochemistry“sed-
of the product is determined upon coordination of the olefin  The cis-decalin structure present in the right part of myca-
with the electrophile, which is then followed by the stereospe- lamides suggested an alternative synthetic design for closure
cific ring closure step. The low diastereoselectivity for the Of the pyran unit. The idea was to start with a six-membered
NPSP-mediated cyclization reflects the modest kinetic selectivity acetonide from which to construct the second ring of the decalin.
expected for complexation of the electrophilic selenium species Assuming that the natural product represented the thermody-
to the diastereomeric faces of the alkene (Scheme 11) namica”y more stable diastereomer, then the eXpeCtation was
Control of Cyclization Diastereoselectivity.In addition to ~ that the cyclization step would favor formation of the desired
the investigation of reagents and the reaction conditions, {fans2,6-substituted pyran ring. The cyclization precursor for
numerous other means were explored to improve the cyclization thiS @pproach was prepared in three steps from one of the earlier
diastereoselectivity, such as modification of the cyclization 'nteérmediates?s, as outlined in Scheme 13. One-step depro-
precursor. The general idea was to introduce an additional ring, téction of both silyl groups i25, carried out in 5% methanolic
the conformation of which would bias the conformation of the HCI solution, gave the expected dig, along with diol40, in
transition state leading to the key cyclization.

i PR ; ; ; (25) (a) Nishiyama, S.; Ikeda, Y.; Yoshida, S.; Yamamura]&rea-
A promising modification involved the introduction of an hedron Lett1989 30, 105, (b) Angyal, S. J.: Beveridge, R.Qarbohydr.

acetonide ring from alcohdl3. On the basis of conformational  ges 1978 65 229. (c) Grieco, P. A.; Yokoyama, Y. Withers, G. P.;
analysis of the expected transition state, depicted without the Okuniewicz, F. J.; Wang, C.-L. J. Org. Chem1978 43, 4178.
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SCHEME 14. Construction of Dioxane Ring via Direct SCHEME 15. Unsuccessful Selective Oxidation of Primary
Methylene Ketal Formation Alcohol to Aldehyde
OR OR' 12 N NaOH. MeOH o o OBz B OBz H ]
. aOH, Me
Mecl('j) 60°C. 18 1 (04%) Meczé)m Me(ii‘/\(\OH 0] Mewo
———
™~ o] 2. (CH30),CH, -0 ™~ o] ™~ o]
: p-TsOH, LiBr T : :
“sePh reflux, 10 h (81%) ~SsePh “SePh i SsePh |
29a: R=Bz, R=TBDPS 45
44: RR=H 30 46
)
which the benzoyl group had migrated to a less congested i H
location. Without optimization, the benzoyl migration product MeO., ~"0
(40) was converted into an acetonide ketal)( which upon ~_O
basic hydrolysis gave alcohdR in high overall yield. Alcohol s i
42 was subjected to electrophilic cyclization conditions using | 47 SePh |

NBS and gave the expected dioxa-decalin prodi&in 55% ) o
yield, favoring the undesired diastereomer by 1.9/1. If one SCHEME 16.  Selective Oxidations
assumes that the steric interactions in the products resemble 0Bz conc. HCI OH
those present in the transition states, then the observed diaste- ~ MeO-. OTEDPS tr?iiozHNrrt\i :OhH MeO,.,
reoselectivity may arise from the presence of more serious 1,3- ©1%)
diaxial interactions in the minor (desired) product, shown in

brackets, as compared to the major one. 27 Br PDC, CH,Cl, 48 Br
it, 24 h

(82%)
OH / (COCl),

DMSO
EtsN, CH,Cl,

Trioxadecalin Ring Formation: A Functionalized B,C-
Ring Skeleton.Given the difficulties encountered in trying to
promote an electrophilic cyclization favoring the desired dias-
tereomer, a decision was made to continue the synthetic
sequence using the major diastereomer of the selenoetherifica-
tion (298 and work out the remaining steps to generate the

. . R . OH OMe p-TsOH (cat)
trioxadecalin skeleton of mycalamine. Deprotection of both the MeO,, MeOH
benzoyl and the TBDPS groups was achieved in one step by OMe _%

treatment of29a with 2 N NaOH in MeOH at 60°C, which
afforded diol44 in 94% yield. Formation of a simple dioxane
ring C was examined at this point using the methodology
developed by Gras and his colleagé&# solution of diol 44

in dimethoxymethane was treated with a catalytic amount of

LiBr z?md p-TsQH under refllux condl'Flon for 10 h to fumish Curiously, in contrast to the difficulties encountered above,
the trioxadecalin systen#§) in 81% yield (Scheme 14). selective oxidation of the primary alcohol over the secondary
While technically a trioxadecalin skeleton, compouisdacks alcohol was possible for the undesired diol diastereomer
a functional group at the C-10 position, necessary for further obtained through NBS cyclization (Scheme 16). The benzoyl
transformation to an aminal, as required in the natural product. and TBDPS groups i27 were removed in high yield through
A precursor with the C-10 carbon at the aldehyde oxidation a one-pot procedure. The resulting di8), when subjected to
state would be ideal, as it would allow for introduction of both standard Swern oxidation conditions, produced what was
the acetal and the aminal functionalities. Thus, it was necessaryconsidered to be the desired hydroxyaldehyde The NMR
to selectively oxidize the primary hydroxyl group 4# (or a spectrum of compound9, however, lacked the telltale alde-
related compound) into an aldehyde without oxidation of the Nydes peak in 810 ppm region, and indicated that it existed
secondary hydroxyl group. This is a problem for which there &S elther.the. hydrate or, p955|bly, the.dlmer. Indeed, trgatment
are no good solutions. The few methods available for such of the oxidation prod_uct with a catalytic a_mour)tpsﬂ'sOH n
selective oxidatior®$ are further hampered in the case at hand MeOH t_ransformed It to _the ci’orrgspondmg dimethoxy acetal
by the presence of the easily oxidizable selenophenyl g#bup. (50), which was isolated in 72% yield. It should be noted that

Several different protocols were examined for the selective the selective oxidation of a secondary alcohol over a primary
P one is well precedented, especially with chromium oxidants.

oxidation of the primary hydroxyl group 44 and related Thus, treatment of dioi8 with PDC in CHCl, for 24 h at

compounds, but none were successful. The oxidation of benzoyl temperature provided ketoBé in 82% yield.

alcohol 30 was also examined, but the expected prodéé) ( After successfully exploring various oxidants on the undesired
pyran diastereomer, we directed our efforts to the selective

was unstable and led to what was tentatively assigned as the
B-elimination producé7 (Scheme 15%°

(26) Gras, J.-L.; Nouguier, R.; Mchich, Metradedron Lett1987, 28,

6601. (29) (a) Martin, O. R.; Szarek, W. ACarbohydr. Res1984 130, 195.
(27) (a) Tidwell, T. T.Org. React199Q 39, 297. (b) Timioka, K.; Takai, (b) Halmos, T.; Filippi, J.; Bach, J.; Antonakis, Karbohydr. Res1982

K.; Oshima, K.; Nozaki, HTetrahedron Lett1981, 22, 1605 and references 99, 180. (c) Cree, G. M.; Mackie, D. W.; Perlin, A. San. J. Chem1969

therein. 47, 511. (d) Graig, G. W.; Sternberg, E. D.; Jones, G. H.; Moffatt, J. G.
(28) Paulmier, C.Selenium Reagents and Intermediates in Organic J. Org. Chem1986 51, 1258. (e) Vatele, J.-MTertrahedron1986 42,

SynthesisPergamon Press: New York, 1986; Chapter 5. 4443,
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SCHEME 17. Formation of Trioxadecalin 56, the B,C-Ring
System of Mycalamides
OBz OTBDPS OH
MeO,, TBAF  MeO, (MeO),CH,
i THF i OBz p,05, CH,Cl,
o} (84%) ~0 (98%)
29a SePh 52 SePh
MOMO OBz 2 N NaOH OMOM (COCl),
MeO,, MeOH MeO,, DMSO
‘ i, 10 h : OH Et;N
(o} (98%) o CH,CI,
Tz i (69%)
53 SePh 54 “SePh
OMOM (HCHO), o
MeO, conc. HCI MeO,
o No  Et,0,0°C oo OH
o] (92%) ~_0O
55 SePh 56  SePh

Zhong et al.

SCHEME 18. Overall Sequence for Synthesis of
Trioxadecalin 56 from Diethyl p-Tartrate
MOMO ~ OMOM
HO, OH 5 steps O 6 steps
\ HO! - CH,0TBDPS —___—
EtO,C  CO,Et  (70%) 2 (33%)
10 13
BzO oo
MewOTBDPS 5 steps Mecié)‘OH
:‘: H © (51%) \“: H °
“SePh “SePh
29a 56

the desired 2,8rans-substituted pyran, which was then trans-
formed into a functionalized trioxadecalin skelefdn.

Experimental Section

(4S,5R,6R)-5,6-Bis(methoxymethoxy)-3,3-dimethyl-7-[(1,1-

oxidation and further elaboration of the desired diaStereomerdimethylethyl)diphenylsiIyI]oxy-4-hydroxy-l-heptene (13)Toa

of the selenocyclization produc@9a (Scheme 17). Treatment
of 29a with TBAF in THF gave not the expected primary
alcohol, but secondary alcohbP (84%), which arises from a
1,2-migration of the benzoyl grou.In all likelihood, this
migration takes place intramolecularly, although this notion was

not verified using crossover studies. This was one of several

instances in which groups migrated away from the sterically

solution of aldehydel2 (8.014 g, 17.94 mmol) and tritbutyl)-
prenyl stannane (6.63 mL, 19.73 mmol) in &, (30 mL) was
added ZnBy (8.890 g, 39.48 mmol) at-78 °C. The resulting
mixture was allowed to warm to GC over 6 h, and stir further for

2 h at 0°C. The reaction was quenched with saturated NaklCO
solution (80 mL) and brine (80 mL). The aqueous layer was
separated and extracted with @H, (3 x 100 mL). The combined
organic phase was washed with saturated Naki€d&ution (70

demanding gem-dimethyl groups. The secondary hydroxyl group mL) and dried over MgS® The solvent was removed under

of 52was protected as a MOM ethé&3), and the benzoyl group
was removed by saponification to give free alcobéin nearly
quantitative yield. The primary hydroxyl group was then
oxidized under Swern conditions to afford aldehg&eFinally,
upon treatment of MOM-aldehyde5b with paraformaldehyde

and concentrated HCI, it was transformed into the desired

trioxadecalin unit §6), isolated in 92% yield2 The diastereo-
meric ratio of56 was initially 2:1 and slowly became 1:1 upon
standing in CDCJ, an acidic environment. The transformation
of the lactol hydroxyl into an amino group, which is necessary

for coupling to the pederic acid part, has been already been
demonstrated in an analogous compound in Kishi’'s mycalamide

synthesi$2b10The selenophenyl group obtained through the

reduced pressure, and the crude yellow oil was purified by flash
column chromatography (EtOAc/hexane, 1:6) to afford hydroxyl
alkenel3(8.345 g, 90%, d~50:1) as a colorless oil:o %%, —20.8

(c 1.15, CHC}); H NMR (500 MHz, CDC}) 6 7.66 (m, 4H),
7.42-7.33 (m, 6H), 5.88 (ddJ = 10.5, 17.9 Hz, 1H), 5.01 (m,
1H), 4.98 (ddJ = 1.1, 4.3 Hz, 1H), 4.79 (d] = 6.7 Hz, 1H), 4.65
(d,J = 6.7 Hz, 1H), 4.62 (ddJ = 6.6, 10.4 Hz, 2H), 3.91 (dd}

= 8.0, 11.9 Hz, 1H), 3.84 (m, 2H), 3.75 (d#l= 1.7, 3.9 Hz, 1H),
3.50 (dd,J = 1.7, 8.0 Hz, 1H), 3.35 (s, 3H), 3.26 (s, 3H), 2.59 (d,
J=8.0 Hz, 1H), 1.05 (s, 9H), 1.03 (s, 6H¥C NMR (125 MHz,
CDCly) ¢ 145.0, 135.6, 135.5, 133.4, 133.3, 129.65, 129.62, 127.63,
127.61, 112.3, 97.9, 97.0, 79.2, 75.5, 74.7, 63.8, 56.4, 55.8, 41.5,
26.8, 24.4, 22.2, 19.1; IR (neat) 3558, 1111, 1034 £tRiIRMS

m/e calc'd for C ZngHzs05Si (Mt — C,H,0,) 423.2355, found
423.2336.

above sequence is expected to be useful for the introduction of (35 4R 55)-3,4-Dihydroxy-5-(1,1-dimethyl-2-propenyl)-H-tet-
various side chains necessary for the mycalamides and relatedahydrofuran-2-one (14). A solution of hydroxy alkend.3 (1.034

compounds.

Conclusion

g, 2.001 mmol) in THF (10 mL) was treated with TBAF (1.0 M in
THF, 4.00 mL, 4.00 mmol), and the reaction mixture was stirred
for 2 h atroom temperature. The reaction was quenched with H
(20 mL) and extracted with ether (4 20 mL). The combined
extract was washed with brine (30 mL) and dried over anhydrous

We have described the asymmetric synthesis of trioxadecalin N&S0Os. The solvent was removed under reduced pressure, and the

unit 56, an important intermediate for the synthesis of myca-

lamides and related natural compounds. The overall synthetic
sequence, which required the formation of two heterocycles and

crude oil was purified by flash column chromatography (EtOAc/
hexane, 1:1) to afford the expected diol (0.557 g, 100%) as a
colorless oil: 'H NMR (300 MHz, CDC}) 6 5.87 (dd,J = 18.0,
10.3 Hz, 1H), 5.06 (br s, 1H), 5.01 (dd,= 5.7, 1.4 Hz, 1H),

the generation of five stereocenters, was executed in 16 stepy 713 (m, 4H), 3.80 (m, 4H), 3.61 (d,= 9.2 Hz, 1H), 3.43 (s,

in 12% overall yield from the C2-symmetric starting material,

3H), 3.40 (s, 3H), 2.75 (d] = 9.4 Hz, 1H), 1.06 (s, 9H), 1.05 (s,

diethyl p-tartrate (Scheme 18). The strategy took advantage of 6H); 13C NMR (63 MHz, CDC}) 6 144.6, 112.4, 98.1, 96.5, 79.6,
diastereoselective reactions to extend the four-carbon chain of76-91, 74.2,61.0, 56.4, 55.7, 41.4, 24-5-+22~5; IR (neat) 3447, 1030
tartrate. Subsequent electrophile-mediated cyclization afforded €™ HRMS m/e calc'd for CioH1605 (M* — C3HgO3) 186.1256,

(30) Danishefsky, S. J.; DeNinno, M. P.; Chen, S¥hAm. Chem. Soc.
1988 110, 3929.
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(31) This work was taken in large part from the doctoral dissertation of
H. M. Zhong. See: Zhong, H. M. Ph.D. Dissertation, The Ohio State
University, Columbus, OH, 1995.
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found 186.1240. To a stirred mixture of above diol (278 mg, 0.999
mmol), NMO (352 mg, 3.00 mmol), and activated molecular sieves
(0.5 g) in CHCI, (10 mL) was added a catalytic amount of TPAP
(8.0 mg, 0.023 mmol) in one portion at room temperature. The
resulting deep blue solution was stirred at room temperature for
18 h. Upon consumption of the starting material, the reaction
mixture was filtered through a pad of silica gel, which was then
washed with CHCl,. The filtrate was concentrated in vacuo, and
the crude oil was purified by flash column chromatography (EtOAc/
hexane, 1:5) to afford bis-MOM lactone (176 mg, 61%) as a
colorless oil: 1H NMR (250 MHz, CDC}) ¢ 6.02 (dd,J = 17.6,
10.1 Hz, 1H), 5.11 (dd) = 17.6, 1.2 Hz, 1H), 5.06 (dd} = 10.1,

1.2 Hz, 1H), 4.97 (dJ = 6.7 Hz, 1H), 4.68 (m, 3H), 4.36 (s, 3H),
3.43 (s, 3H), 3.41 (s, 3H), 1.21 (s, 3H), 1.20 (s, 3KE NMR (63
MHz, CDCL) 6 172.7, 143.1, 113.3, 96.4, 95.6, 86.6, 78.7, 74.8,
56.3, 55.9, 39.5, 24.6, 23.4; IR (neat) 1787, 1153, 1108gm
HRMS nve calc’d for CGigH206 (MT) 274.1416, found 274.1416.

A stirred solution of the above bis-MOM lactone (235 mg, 0.816
mmol) in CH,CI, (8 mL) was treated with solid BBtMe,S (469
mg, 1.50 mmol) in one portion at, and the mixture was stirred
at room temperature for 2 h. The reaction was quenched with
saturated NaHC@solution (20 mL) and extracted with £ (3 x

15 mL). The combined BED phase was washed with brine (30 mL)
and dried over anhydrous B&0O,. After removal of the solvent

JOC Article

1112, 1039 cmb; HRMS m/e calc'd for GCygH410sBr (M™)
536.2138, found 536.2186.
(4S,5S,6R)-5-Benzoyloxy-3,3-dimethyl-7-[(1,1-dimethylethyl)-
diphenylsilylJoxy-4-methoxy-6-(trimethylsilyl)oxy-1-heptene (25).
To a stirred solution of BzCl (0.618 g, 4.40 mmol) and a catalytic
amount of DMAP (30 mg) in pyridine (5 mL) was added a solution
of alcohol23 (1.131 g, 2.197 mmol) in pyridine (5 mL) dropwise
at room temperature. The resulting mixture was stirred at room
temperature for 6 h, diluted with diethyl ether (30 mL), and
quenched with KO (30 mL). The separated aqueous layer was
extracted with ether (% 30 mL). The ether extracts were combined,
washed with saturated Cug6€bplution (30 mL), HO (2 x 20 mL),
brine (30 mL), and dried over anhydrous4S&,. The solvent was
removed under reduced pressure, and the crude product was purified
by flash column chromatography (EtOAc/hexane, 1:20) to afford
ester25(1.299 g, 95%) as a colorless viscous oil] —5.5° (c
1.43, CHCY); *H NMR (400 MHz, CDC}) 6 8.03 (m, 2H), 7.68
(m, 2H), 7.59 (m, 3H), 7.44 (m, 5H), 7.19 (m, 3H), 5.19 (dd+
17.7, 10.8 Hz, 1H), 5.40 (dd,= 5.5, 10.8 Hz, 1H), 4.91 (m, 2H),
3.97 (dd,J = 11.0, 5.2 Hz, 1H), 3.76 (dd] = 10.5, 5.2 Hz, 1H),
3.36 (s, 3H), 3.27 (d) = 3.4 Hz, 1H), 1.06 (s, 3H), 1.03 (s, 12H),
0.06 (s, 9H);13C NMR (63 MHz, CDC}) 6 165.5, 145.09, 135.6,
135.5,133.4, 133.1, 132.5, 130.7, 129.9, 129.7, 129.6, 129.5, 128.3,
128.2,127.6,127.5, 111.8, 84.9, 73.3, 72.5, 65.4, 61.5, 42.0, 26.7,

under reduced pressure, the crude oil was purified by flash column 24.4, 23.3, 19.0, 0.26; IR (neat) 1725, 1112, 1027 £riiRMS

chromatography (EtOAc/hexane, 1:2) to afford dihydroxy lactone
14 (102 mg, 69%) as a colorless oitH NMR (300 MHz, CDC})
0 6.11 (dd,J = 17.7, 10.9 Hz, 1H), 5.18 (ddl = 17.7, 1.0 Hz,
1H), 5.15 (dd,J = 10.9, 1.0 Hz, 1H), 4.52 (m, 1H), 4.38 (m, 2H),
4.29 (br s, 1H), 3.28 (br s, 1H), 1.24 (s, 3H), 1.20 (s, 3HE
NMR (63 MHz, CDC}) 6 175.8, 143.0, 114.5, 87.1, 75.2, 73.8,
39.8, 24.7, 23.9; IR (neat) 3430, 1770, 1046 énHRMS m/e
calc’d for GH140, (M*) 186.0892, found 186.0899.

Synthesis of Selenotetrahydrofuran 19A stirred solution of
bis-MOM alkenel8(1.610 g, 3.033 mmol) in C¥Ll, (2 mL) was
treated with NPSP (1.813 g, 5.999 mmol) and CSA (0.139 g, 0.598

mmol) at room temperature, and the reaction was monitored by

TLC. Upon consumption of the starting material, the solvent was

removed under reduced pressure. The resulting yellow solid was

purified by flash column chromatography (EtOAc/hexane, 1:6) to
afford the desired produdi9 (1.632 g, 85%) as a 1.12:1 mixture
of diastereomers?H NMR (250 MHz, CDC}) 6 7.71 (m, 4H),
7.47 (m, 2H), 7.39 (m, 6H), 7.21 (m, 3H), 4.80 (m, 2H), 4.10 (dd,
J=28.7,4.1 Hz, 0.45H), 4.32 (dd,= 8.1, 4.7 Hz, 0.55H), 3.95
3.67 (m, 4H), 3.41 (s, 1.35H), 3.38 (s, 1.65H), 3.18 (m, 1H), 3.14
(s, 1.35H), 3.13 (s, 1.65H), 3.62.89 (m, 2H), 1.06 (m, 15H);
13C NMR (63 MHz, CDC}) 6 135.8, 135.7, 133.5, 133.2, 132.3,

m/e calc’d for GgHs105Si, (MH™) 619.3274, found 619.3267.
(4S,55,6R)-5-Benzoyloxy-3,3-dimethyl-7-[(1,1-dimethylethyl)-
diphenylsilylJoxy-6-hydroxy-4-methoxy-1-heptene (26).To a
stirred solution of benzoyl alken25 (1.088 g, 1.757 mmol) in
MeOH (10 mL) was added PPTS (44 mg, 0.18 mmol) at room
temperature, and the mixture was stirred at room temperature for
8 h. Upon consumption of the starting material, the reaction was
quenched with saturated NaHgQ@olution until gas evolution
ceased. The reaction mixture was extracted with ether 8® mL),
and the combined ether extracts were washed with brine (40 mL)
and dried over anhydrous b&0,. The solvent was removed under
reduced pressure, and the crude oil was purified by flash column
chromatography (EtOAc/hexane, 1:10) to afford alcd®(0.784
g, 78.5%) as a colorless viscous oit)]{’; —14.3 (c 1.08, CHCY});
IH NMR (400 MHz, CDC}) 6 8.04 (m, 2H), 7.66-7.59 (m, 4H),
7.54 (tt,J= 1.3, 7.4 Hz, 1H), 7.437.33 (m, 6H), 7.3+7.27 (m,
2H), 5.94 (ddJ = 10.8, 17.6 Hz, 1H), 5.50 (i = 4.2 Hz, 1H),
4.93 (dd,J = 1.2, 17.6 Hz, 1H), 4.85 (ddl = 1.2, 10.8 Hz, 1H),
3.95 (m, 1H), 3.68 (dJ = 5.5 Hz, 2H), 3.41 (s, 3H), 3.19 (d,=
4.1 Hz, 1H), 2.58 (br s, 1H), 1.08 (s, 3H), 1.05 (s, 3H), 1.04 (s,
9H); 13C NMR (63 MHz, CDC}) 6 165.9, 144.9, 135.6, 135.5,
133.0, 132.82, 132.78, 130.3, 129.9, 129.8, 128.2, 127.74, 127.69,
111.7, 86.9, 72.34, 72.29, 64.6, 61.9, 41.9, 26.8, 24.5, 23.3, 19.1;

132.2, 1313, 131.2, 129.7, 129.6, 129.0, 128.9, 127.7, 127.60, 13 (neat) 3494, 1724 cri HRMS nve cAIC'd for CuoblxiOeSi (M-
126.59, 126.5, 96.4, 96.0, 90.5, 90.1, 86.2, 83.0, 80.1, 79.6, 77.3,¢,111 489 2097, found 489.2101.

64.1, 64.0, 60.4, 60.2,55.7, 55.6, 47.3, 46.7, 31.3, 27.8, 27.7, 26.8,

20.2,19.2,19.1, 17.8; IR (neat) 1105, 1030 ¢nHRMS /e calc'd
for CgaH460sS€eSi (M) 642.2279, found 642.2282.

Synthesis of Bromotetrahydrofuran 20.To a stirred solution
of bis-MOM alkenel8 (151 mg, 0.284 mmol) and propylene oxide
(0.5 mL) in CHCI; (3 mL) was added NBS (0.054 g, 0.30 mmol)
at room temperature. The resulting mixture was stirred at room
temperature in the dark for 8 h. Upon consumption of the starting

(2R,3R,4S,6R)-6-(Bromomethyl)-2-(tert-butyldiphenylsilyloxy)-
methyl)-4-methoxy-5,5-dimethyltetrahydro-2H-pyran-3-yl Ben-
zoate (27).A stirred solution of hydroxy alken26 (0.594 g, 1.04
mmol) and propylene epoxide (1 mL) in DMF (5 mL) was treated
with solid NBS (0.374 g, 2.10 mmol) at room temperature. The
flask was shielded from light, and stirring was continued for 20 h.
Upon consumption of the starting material, the reaction mixture
was diluted with ether (50 mL) and washed with@H(3 x 20

material, the solvent was removed under reduced pressure, and thenL). The ether layer was washed with brine (20 mL) and dried

crude yellow oil was purified by flash column chromatography
(EtOAc/hexane, 1:6) to afford the desired bromil@ (130 mg,
86%, diastereomeric rati®8:1) as a colorless oil*H NMR (250
MHz, CDCk) 6 7.71 (m, 4H), 7.40 (m, 6H), 4.78 (dd,=9.2, 6.8
Hz, 2H), 4.42 (ddJ) = 8.6, 4.0 Hz, 1H), 4.00 (ddl = 7.2, 5.4 Hz,
1H), 3.92 (m, 1H), 3.85 (m, 1H), 3.66 (d= 4.3 Hz, 1H), 3.41 (s,
3H), 3.36 (m, 2H), 3.19 (m, 1H), 3.16 (s, 3H), 1.13 (s, 3H), 1.06
(s, 9H), 0.92 (s, 3H)*C NMR (63 MHz, CDC}) ¢ 135.7, 135.6,

over anhydrous N&O,. The solvent was removed under reduced
pressure, and the residue was purified by flash column chroma-
tography (EtOAc/hexane, 1:10) to afford, as the major product,
bromide27 (0.518 g, 77%) as a colorless oilH NMR (250 MHz,
CDCly) 6 8.01 (m, 2H), 7.76-7.07 (m, 13H), 5.26 (t) = 2.4 Hz,

1H), 4.13 (m, 1H), 3.89 (m, 1H), 3.80 (m, 1H), 3.57 (s, 3H), 3.48
(dd,J = 10.8, 1.8 Hz, 1H), 3.32 (d] = 10.1 Hz, 1H), 3.13 (dJ

= 2.8 Hz, 1H), 1.04-0.97 (m, 15H);3C NMR (63 MHz, CDC})

133.5, 133.1, 129. 7, 129.6, 127.7, 127.6, 95.9, 90.8, 83.8, 79.7,6 165.7, 135.6, 135.5, 133.2, 133.1, 130.0, 129.7, 128.5, 127.7,
76.4, 63.9, 60.3, 55.5, 47.4, 31.1, 26.8, 19.9, 19.5, 19.2; IR (neat) 127.5, 83.4, 81.2, 75.1, 67.8, 61.9, 59.0, 38.0, 32.2, 26.8, 26.7, 23.3,
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19.29, 14.1; IR (neat) 1721, 1097, 1026 ¢mHRMS nve calc'd
for C29H3zBI'O5Si (M+-C4H9) 569.1186, found 569.1184.
(2S,4S,5S,6R)-5-Benzoyloxy-3,3-dimethyl-6-[[(1,1-dimethyl-
ethyl)diphenylsilylloxylmethyl-4-methoxy-2-(phenylselenyl)-
methyl-2H-tetrahydropyran (29a) and (2R,4S,5S,6R)-5-Benzoyl-
oxy-3,3-dimethyl-6-[[(1,1-dimethylethyl)diphenylsilylJoxy]methyl-
4-methoxy-2-(phenylselenyl)methyl-Bi-tetrahydropyran (29b).
A stirred solution of hydroxy alken26 (0.150 g, 0.263 mmol) in

Zhong et al.

the completion of the reaction, the mixture was extracted wid Et
(30 mL x 3). The combined organic layer was washed wit®©H

(30 mL) and brine (20 mL), dried over MgQ{and concentrated.
The crude product was purified by column chromatography (hexane/
EtOAc = 1/1) to give diol48 (0.3865 g, 91%):'H NMR (200
MHz, CDCk) 6 3.96 (m, 2H), 3.87 (m, 1H), 3.75 (m, 2H), 3.50
(dd, J = 10.4, 1.9 Hz, 1H), 3.39 (s, 3H), 3.36 (d,= 10.4 Hz,

1H), 3.16 (d,J = 4.0 Hz, 1H), 2.86 (dJ = 3.0 Hz, 1H), 1.08 (s,

CH,Cl, (3 mL) was treated with solid NPSP (0.119 g, 0.394 mmol) 3H), 0.99 (s, 1H)!3C NMR (63 MHz, CDC}) ¢ 86.5, 81.8, 75.1,
and a catalytic amount of CSA (0.005 g, 0.02 mmol) at room 69.5,64.3,59.3, 37.8, 32.6, 23.6, 19.7; IR (neat) 1236, 1012; HRMS

temperature for 8 h. Upon consumption of the starting material, nVe calc'd for CioH19BrO, (MH™) 282.0467, found 282.0463.

the reaction solution was concentrated in vacuo, and the crude

(2S,3R,4S,6R)-6-(Bromomethyl)-2-(dimethoxymethyl)-4-meth-

yellow solid was purified by flash column chromatography (EtOAc/  oxy-5,5-dimethyltetrahydro-2H-pyran-3-ol (50). To a stirred
hexane, 1:30) to afford the desired separable diastereomer mixturesolution of (COCI) (0.1269 g, 1.0 mmol) in CkCl, (4 mL) was

29aand29b (0.148 g, 78%, dr 1.8:129a [0]% +42.C° (¢ 1.32,
CHCL); H NMR (300 MHz, CDC4) 6 7.97 (m, 2H), 7.65 (m,
6H), 7.49 (m, 2H), 7.42 (m, 2H), 7.23 (m, 8H), 5.34 (ti= 6.6,
4.8 Hz 1H), 4.27 (ddJ = 10.1, 5.2 Hz, 1H), 4.04 (dl = 10.9 Hz,
1H), 3.89 (m, 2H), 3.57 (s, 3H), 3.49 (d,= 6.2 Hz, 1H), 3.01
(dd, J = 12.0, 3.1 Hz, 1H), 1.11 (s, 3H), 1.03, (s, 9H), 1.00 (s,
3H); 3C NMR (63 MHz, CDC}) 6 165.8, 135.6, 133.0, 132.8,

added DMSO (0.1563 g, 2.0 mmol) in GEl, (2 mL) dropwise at
—78°C. After the mixture was stirred for 15 min, a solution4d
(0.1182 g, 0.47 mmol) in C¥Cl, (2 mL) was added dropwise, and
the resulting mixture was stirred for 15 min-a78 °C. EgN (0.4047

g, 4.0 mmol) was added, and the mixture was allowed to warm to
room temperature over 1 h. After addition of® (10 mL), the
mixture was extracted with ED (20 mL x 3), and the combined

132.7, 132.3, 130.0, 129.7, 129.62, 129.56, 128.9, 128.4, 127.62,ether extracts were washed with® (20 mL), brine (15 mL), dried
12757, 126.5, 83.1, 79.9, 62.9, 60.7, 39.9, 28.4, 26.7, 22.6, 19.0;over NaSQ,, filtered, and concentrated. The crude product was

IR (neat) 1722, 1025 cm; HRMS nve calc’d for GygHs604SeSi
(M*) 702.2279, found 702.226@9b: *H NMR (300 MHz, CDC})

0 8.02 (m, 2H), 7.63 (m, 3H), 7.43 (m, 9H), 7.25 (m, 4H), 7.09
(m, 2H), 5.27 (t,J = 2.4 Hz, 1H), 4.09 (m, 1H), 3.80 (m, 3H),
3.56 (s, 3H), 3.15 (dJ = 2.4 Hz, 1H), 3.06 (ddJ = 12.0, 10.5
Hz, 1H), 2.91 (ddJ = 12.0, 2.4 Hz, 1H), 1.00 (s, 3H), 0.97 (s,
9H), 0.93 (s, 3H);**C NMR (63 MHz, CDC}) ¢ 165.7, 135.5,

135.4,133.2,133.1, 133.0, 132.7, 131.2, 130.1, 129.7, 129.6, 129.5,

purified by column chromatography (hexane/EtOA@&/1) to give

50 (0.1139 g, 74%):*H NMR (250 MHz, CDC}) 6 4.61 (d,J =

4.5 Hz, 1H), 3.93 (m, 1H), 3.74 (m, 1H), 3.52 (s, 3H), 3.48 (s, 3H)
3.47 (m, 1H), 3.39 (m, 1H), 3.38 (s, 3H), 3.07 {d= 3.6 Hz, 1H),
2.88 (d,J = 3.0 Hz, 1H), 1.09 (s, 3H), 0.97 (s, 3H¥C NMR (63
MHz, CDCL) ¢ 104.5, 86.2, 82.2, 75.7, 66.9, 59.2, 56.1, 54.6, 37.8,
32.5, 23.6, 19.6.

(25,4S,5S,69)-3,3-Dimethyl-6-carbaldehyde-4-methoxy-5-meth-

128.9,128.4,127.6, 127.5, 126.6, 83.4, 80.6, 75.1, 67.8, 61.7, 58.9,6xymethoxy-2-(phenylselenyl)methyl-Bi-tetrahydrapyran (55).

37.9,28.5,26.7,23.2,19.3, 19.0; IR (neat) 1720, 1025'chRMS
m/e calc’d for GyoH4604SeSi (M) 702.2279, found 702.2321.
(2R,4S,5S,6R)-5-Benzoyloxy-2,3,3-trimethyl-6-[[(1,1-dimeth-
ylethyl)diphenylsilylJoxy]methyl-4-methoxy-2H-tetrahydropy-
ran (31). From 27: To a solution of bromide7 (43 mg, 0.066
mmol) in PhH (5 mL) were added B8nH (29 mg, 0.10 mmol)

To a solution of (COCH (0.165 g, 1.30 mmol) in CECl, (2 mL)

was added a solution of DMSO (0.203 g, 2.60 mmol) in,CH

(0.5 mL) dropwise at-78 °C. After 5 min, a solution of MOM
alcohol 54 (0.260 g, 0.645 mmol) in CKLI, (2 mL) was added
dropwise followed by addition of B (0.162 g, 1.60 mmol). The
resulting cloudy solution was warmed to room temperature and

and a catalytic amount of AIBN (5 mg), and the mixture was heated stirred for 45 min. The reaction was quenched by addition £ H

to reflux for 1 h. After cooling to room temperature, the solution

(30 mL). The organic phase was separated, and the aqueous phase

was concentrated in vacuo, and the crude oil was purified by flash was extracted with EO (2 x 30 mL). The combined ether phase
column chromatography (EtOAc/hexane, 1:10) to afford the desired was washed with O (20 mL), brine (20 mL), and dried over

reduced produc®1 (28 mg, 76%) as a colorless oitH NMR (200
MHz, CDCk) 6 8.04 (m, 2H), 7.64 (m, 3H), 7.44 (m, 3H), 7.34
(m, 4H), 7.07 (m, 3H), 5.29 (dd] = 2.5, 2.4 Hz, 1H), 4.10 (m,
1H), 3.78 (d,J = 7.4 Hz, 2H), 3.67 (m, 1H), 3.58 (s, 3H), 3.16 (d,
J = 2.7 Hz, 1H), 0.95 (m, 18H)!}3C NMR (63 MHz, CDC}) ¢

anhydrous Ng50O,. The solvent was removed under reduced
pressure, and the crude yellow oil was purified by flash column
chromatography (EtOAc/hexane, 1:6) to afford aldehy8€0.188

g, 73%) as a pale yellow oil: o] 2% +128.8 (¢ 1.39, CHC}); H
NMR (200 MHz, CDC¥}) 6 9.90 (s, 1H), 7.45 (m, 2H), 7.24 (m,

165.7, 135.5, 135.4, 133.3, 132.94, 132.87, 130.2, 129.7, 129.4,3H), 4.77 (dd,J = 16.2, 6.7 Hz, 2H), 4.46 (d = 6.4 Hz, 1H),
128.4,128.3,127.6, 127.4,83.3, 75.7, 74.6, 67.9, 62.0, 58.9, 37.0,4.00 (dd,J = 8.8, 6.4 Hz, 1H), 3.79 (dd] = 10.4, 2.7 Hz, 1H),

26.7, 26.6, 23.2, 19.05, 19.02, 14.7; IR (neat) 1716, 1113'cm
HRMS m/e calc’'d for G,H390sSi (M™ — CHg) 531.2567, found
531.2589.

From 29b: To a solution of phenylselenid9b (32 mg, 0.044
mmol) in PhH (5 mL) were added B8nH (29 mg, 0.10 mmol)

and a catalytic amount of AIBN (5 mg), and the mixture was heated

3.49 (s, 3H), 3.12 (m, 1H), 2.96 (dd,= 12.2, 2.7 Hz, 1H), 2.84
(d, J= 8.8 Hz, 1H), 0.96 (s, 3H), 0.91 (s, 3HFC NMR (63 MHz,
CDCl) ¢ 201.7, 133.1, 130.7, 127.0, 97.7, 85.7, 80.3, 78.0, 75.6,
61.6,56.0, 41.2, 28.0, 23.8, 15.2; IR (neat) 1734, 1109'chiRMS

m/e calc’d for CigH,60sSe (M) 402.0945, found 402.0974.

(4RS48S,6S,8S,8aR)-Hexahydro-8-methoxy-7,7-dimethyl-6-

to reflux for 1 h. After cooling to room temperature, the reaction [(phenylselenyl)methyl]pyrano[3,26]-m-dioxin-4-ol (56). A stirred
solution was concentrated in vacuo, and the crude oil was purified mixture of MOM aldehyde55 (103 mg, 0.257 mmol) and

by flash column chromatography (EtOAc/hexane, 1:10) to afford paraformaldehyde powder (50 mg, excess) §OE(0.5 mL) was

the desired reduced produgl (22 mg, 85%) as a colorless ail.

cooled to O°C and treated dropwise with concentrated HCI (2 mL).

The NMR spectrum of the product of this reaction was identical to  The resulting mixture was stirred at @ for 30 min, and then

compound31 obtained from the reduction &7.
(2R,3R,4S,6R)-6-(Bromomethyl)-2-(hydroxymethyl)-4-meth-

oxy-5,5-dimethyltetrahydro-2H-pyran-3-ol (48). To the solution

of 27 (0.9735 g, 1.5 mmol) in MeOH (10 mL) was added

diluted with ether (20 mL). The reaction was quenched with
saturated NaHC@solution (50 mL) and extracted with ether 3

15 mL). The combined ether phase was washed with brine (20 mL)
and dried over N&8QO,. The solvent was removed under reduced

concentrated HCI (1 mL) dropwise, and the reaction mixture was pressure, and the residue was purified by flash column chroma-
stirred fa 5 h atroom temperature. To the mixture was added 2 N tography (EtOAc/hexane, 1:4) to affoi®b (90 mg, 92%) as a
NaOH solution dropwise until the solution became basic. Upon colorless oil. The initially formed 2:1 ratio of diastereomers changed
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