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Abstract: A synthesis of the complete carbon skeleton

of the nargenicins, represented by tricyclic kistime

described. The key step of the synthesiglbfis the Yamaguchi macrolactonization of hydroxy adidlwhich is
followed by the facile transannular Dietg\lder reaction of the 18-membered macrolR2 This sequence provides
tricycle 45 in 66% vyield, along with a 14% yield of tricycld6 which is epimeric at C(10). Macrolid22 was

obtained in 38% yield when the macrolactonization was

of 22 at 80°C provided tricycled5 as the exclusive product (85% vyield).

performed &C80rhe transannular DietsAlder reaction
In contrast, the intramolecular Biels

Alder reaction of seco estdéB provided a mixture of trans-fuset¥ in 56% yield and the desired cis-fused cycloadduct

48in only 27% yield. Two independent stereochemical control features determine the success of the transannular
Diels—Alder reaction of22: the C(6)-Br steric directing group that dictates that only one of the two faces of the
diene is accessible to the dienophile in transition stdtand allylic strain considerations involving the C(®le
substituent which enable only one face of the dienophile to be accessible to the diene in transititd. siEte

latter effect is operational only in the transannular cycloaddition mode as indicated by the resut3 with added

benefit of this strategy is that the 10-membered lactone

is established by a formal ring contraction of the more easily

synthesized 18-membered lactone. Attempts to extend this strategy to the transannutaAlD@lseaction of the
C(13)-hydroxyl substituted macrolide3 have not been successful.

Nargenicin A (1) and nodusmicing) are structurally novel
antibiotics isolated froniNocardia argentineneaand Saccha-
ropolyspora hirsuta respectively.3 The stereostructure of
nodusmicin was established by X-ray crystallographic stutlies,
while that of nargenicin Awas confirmed by its synthesis from
nodusmici® The absolute configuration of the nargenicins,
originally assigned by Cane by the nonempirical CD exciton
method} was subsequently verified via Kallmerten’s enantio-
selective total synthesis ofH)-18-deoxynargenicin A(3).5

the intramolecular DielsAlder reaction o4 was exceptionally
diastereoselective, the stereochemistry of the sole cycloadduct
5 was not suitable for its use in the projected total synthesis.
Moreover, the stereoselectivity of the intramolecular Diels
Alder reactions of all other substrates examined, including
was sufficiently poor that this conventional intramolecular
Diels—Alder strategy for the synthesis of the nargenicins was
abandoned? An alternative approach to the nargenicins
involving an intramolecular DielsAlder reaction has also

Several other approaches to the total synthesis of the nargenicingroven unsuccessfél.

have been reportéd.

1, R = OH, nargenicin A4
3, R = H, 18-deoxynargenicin A,

2, nodusmicin

We have previously described an approach to the decalin
nucleus of 1 based on the intramolecular Dielélder
reaction& 10 of decatrienoned and6.1 Unfortunately, while
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Cane has suggested that the nargenicin biosynthesis involvesubstrate must have additional stereochemical control elements
an intramolecular DielsAlder reactior+1314 Feeding experi-  not present it and 6 that serve to control the diastereoselec-
ments with intact C(11C(19) and C(9)-C(19) acyclic frag- tivity as well as functionality that causes the Diellder
ments establish that the nargenicin carbon framework derivesreaction to occur rapidly under growth conditions of the
from the well established polypropionate-polyacetate biosyn- microorganism. One final consideration that led to the approach
thetic pathway common to macrolide antibiotiég* Other described in this paper is that the “normal” products of the
studies have established that the oxygen atoms of the C(2)polypropionate biosynthetic pathway are macrocyclic lactones.
methoxy substituent, the C@B)C(13) oxa bridge, and the C(18) Hence, we considered the possibility that the Dieddder
hydroxyl group are derived from Das determined by®0O, reaction could be performed in the transannular nf8deith
labeling studied. This evidence supports the notion thdtmay the conformational preferences of the 18-membered lactone
be a late stage biosynthetic intermediate, the stereostructure oferving to dictate the diastereoselectivity of the cycloaddition
which logically implicates the acyclic tetraefi® as a plausible step?t~24 We thus selected macrocyclic tetraerdgsand 13
precursort13.14 as targets for study.

Analysis of molecular models df2 suggests that transition

Proposed Biosynthesis state14 should be highly favored over the three other possibili-

Hs  on ties. We assume that the C{Z(12) unit will adopt the boat-
like conformation indicated id4, which we have shown to be
HY Me highly favored in the intramolecular DietAlder reactions of
M substituted 1,7,9-undecatrien-3-oAésFurthermore, we have
Me designed a C(6)-bromine steric directing group ihoand13,
Ve » which should induce the C{47) diene to react from a

conformation in which C(6) is syn to C(8H, as is the case in
1425 The alternate conformation of the diene, ag¢$npositions
the bulky C(6)-Br substituent syn to the much more sterically
demanding C(8,9)-acetonide unit; C{3)l also interacts with
C(2)—H in transition state 5, but not in14. In both transition
states 14 and 15, the C(2)-methoxy group is equatorially
positioned with respect to the macrocycle, the lactorsdtiians,

. . . ) . and the C(16)C(18) unit adopts staggered conformations with
Assuming that the biosynthesis does indeed involve an i, C(16)-methyl group in an equatorial position on the

intramolecular Diels-Alder reaction of the type formulated in macrocycle. Importantly, the proton at C(16) rather than

the proposed conversion @ to 11, how is it that Nature is C(16)-Me eclipses the C(14)C(15) double bond, which
able to control the diastereoselectivity? The obvious answer is yinimizes allylic strain at this positio®. Finally, as fong as
that the biosynthetic reaction is promoted by an enzyme ynsirans conformation is adopted by the C@&)(14) single
catalyst> A second possibility is that the functionality that pond. then the conformation deduced for the c@j4) and

we incorporated into the C(8)C(14) segment ot and 6 is C(13)-C(19) segments of the macrocycle are very close to the
sufficiently different from that present in the putative biosyn-  .qnformation of the ten membered ring of the natural product,

thetic Diels-Alder substrate that the reactions 4f6, and it the exception that the C@)C(13) bond that is developing
related trienes are poor mimics of the biosynthetic conversion. ;, 14is considerably longer than the fully formed bond at this
Although Diels-Alder reactions have been proposed as key position in the natural product.

steps in the biosyntheses of several families of natural prod-
ucts}31516and while monoclonal antibodies have been devel-
oped that catalyze DielsAlder reactiong; there are as yet no
fully documented examples of naturally occurring “Diels
Alderases”. To our knowledge, the closest example is the work
of Oikawa and Ichihara who have demonstrated that a labeled,
achiral triene precursor of the solanapyrones undergoes al
enantioselective intramolecular Diel\lder reaction when fed
to Alternaria solani'® More recently, the same group has
demonstrated that the stereoselectivity of the intramolecular
Diels—Alder reaction performed in the presence offarsolani
cell-free extract is different from that of the thermal cycload-
dition.’® However, the presumed Dielé\lderase has not yet
been isolated or characterized.

It is irrelevant for our purposes whether the putative nar-
genicin Diels-Alder biosynthetic step is enzyme catalyzed or
not. Nevertheless, the conclusion that we reached is that if this  (20) Deslongchamps, Rldrichimica Acta1991, 24, 43.

key biosynthetic step isot enzyme catalyzed, then the triene (21) still, W. C.; Galynker, |Tetrahedron1981, 37, 3981.
(22) still, W. C.; Novack, V. JJ. Am. Chem. S0d984 106, 1148, and

nargenicin A4

The preceding analysis indicates that transition dtéthould
be highly favored over the diastereomeric arrangerhBoiving
to the interactions of the diene with C2H and the C(8)
C(9) acetonide i15. There are two additional transition states
(16 and17) that should also be considered. These are obtained
simply by reversing the face of the dienophile that is exposed
"o the diene irl4and15. The consequences of this seemingly
simple conformational change are profound. In order for the
C(4)—C(7) diene and the C(12)C(13) dienophile to achieve
bonding interactions in these transition states, it is necessary
for the macrocycle to adopt a conformation that has the C{16)
Me group eclipsing the C(14)C(15) double bond, as indicated
in 16 and17. We therefore anticipated from the outset that
transition stated46 and 17 would be noncompetitive witti4
and that allylic strain consideratiociisinvolving the C(16)

(13) Cane, D. E.; Tan, W.; Ott, W. R. Am. Chem. Sod993 115 references cited therein.
527. (23) Schreiber, S. L.; Sammakia, T.; Hulin, B.; Schulte JGAm. Chem.
(14) Cane, D. E.; Luo, GJ. Am. Chem. S0d.995 117, 6633. Soc.1986 108 2106, and references cited therein.
(15) Laschat, SAngew. Chem., Int. Ed. Engl996 35, 289. (24) Porco, J. A., Jr.; Schoenen, F. J.; Stout, T. J.; Clardy, J.; Schreiber,
(16) Roush, W. R.; Myers, A. Gl. Org. Chem1981, 46, 1509. S. L. J. Am. Chem. Sod99Q 112 7410. This paper describes a facile
(17) Hilvert, D. Acc. Chem. Resl993 26, 552, and references cited  macrolactonization and transannular Diefdder reaction that proceeds with
therein. reversed regiochemistry compared to a related type Il intramolecularDiels
(18) Oikawa, H.; Suzuki, Y.; Naya, A.; Katayama, K.; Ichihara, JA. Alder reaction.
Am. Chem. Sod 994 116, 3605. (25) Roush, W. R.; Kageyama, M.; Riva, R.; Brown, B. B.; Warmus, J.
(19) Oikawa, H.; Katayama, K.; Suzuki, Y.; Ichihara, A.Chem. Soc., S.; Moriarty, K. J.J. Org. Chem1991, 56, 1192.

Chem. Commuril995 1321. (26) Hoffmann, R. WChem. Re. 1989 89, 1841.
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stereocenter would play a major role in determining the
conformational preferences @R and 13 in the cycloaddition
transition states As will be shown subsequently, allylic interac-
tions irvolving the C(16) stereocenter constitute the additional
stereochemical control element required to control the diaste-
reoselectiity of this key Diels-Alder reaction

Several additional strategic considerations also add to the
attractiveness of this plan. First, one would anticipate that the
transannular DietlsAlder reactions of tetraend® and 13 will

proceed at a much faster rate than the conventional intramo-

lecular Diels-Alder reactions of analogously functionalized
acyclic tetraene®’2728 Second, this approach constitutes a very
simple ring contraction strategy for introducing the ten-
membered lactone of the natural product. Ten membered
lactones, in general, are difficult to prepare efficiently by
conventional lactonization methoé&s3° Kallmerten synthesized

the 10-membered lactone in his 18-deoxynargenicin synthesis

in 38% yield by macrolactonization of the seco atitlowever,

Roush et al.

Results and Discussion

Retrosynthetic Analysis of 13-Deoxymacrolide 12 Analy-
sis of the structure of2 suggested that this intermediate could
be assembled from three precursors: vinylboronic &3gd
corresponding to C(1)C(5); methyl keton&5, corresponding
to C(6)—C(12); and enak6 corresponding to the C(13)C(19)
fragment of the macrolide target. We anticipated that the
fragment assembly sequence would involve an aldol condensa-
tion of 25 and 26, Suzuki cross coupling of the dibromoolefin
unit of 25 with vinylboronic acid23°2:32 followed by a final
macrolactonization step. However, at the time that this synthesis
was undertaken, vinylboronic aciB was unavailable and the
simpler vinylboronic acid24 was used instead. Thus, the first
macrolide that we discuss in this paper2® and notl12.

——|Pd° cross coupling
Br

\O
R N -4 Ro
o Me
TBDPSQ %y = o)<
H [ Me

Aldol Condensation

12, R = OMe
22,R=H ﬂ
Br._ Br
i
o ,o>< TBDPSO  GHy CHy
B0 B0H),  CHaa G CH Y cHo
R OTES
(o) Me
23, R = OMe 25 26
24 R=H

Synthesis of Vinylboronic Acids 23 and 24.Vinylboronic
acid23was synthesized from benzB)¢glycidate 7),34 which
in turn was prepared from-serine via potassiung|-glycidate3®
Thus, treatment 027 with ELAIC=CSiMe;*6:37 provided 28
in 83% yield. Conversion of the alcohol to a methyl ether by
using AgO and Mel followed by cleavage of the acetylenic
silane under mild conditions provid@® in 58% yield. Finally,
hydroboration oR9with catecholborane provided the sensitive
vinylboronic acid23 in 75% yield3®

0.8 co.mal 1) Me, AgoO
2 EAI—=—SiMe, 2 CH,Cl>
o toluene , 0°-5°C 1 2) KF+(H,0),
83% Il DMF, H,0
58%
27 MesSi 28
CO,Bz| o CO,Bz!
Voo 1) @ojeH,wo%: MeO"
| | —_— ™
2) H,O B
H 75% HO” “OH
29 23

Steliou was able to cyclize a seco acid prepared by degradation Vinylboronic acid24 was similarly prepared in 61% yield

of natural nargenicin Ain only 8% yield3! Consequently, since

by hydroboration of benzyl 4-pentynoatgdy.

18-membered lactones are generally easier to synthesize than Synthesis of Methyl Ketone 25. Asymmetric E)-crotylbo-

10-membered oné¥, this transannular DielsAlder strategy

(32) Miyaura, N.; Yamada, K.; Suginome, H.; Suzuki, AAm. Chem.

seemed to be an ideal way to control the stereochemistry of thegoc 1985 107 972

nargenicin nucleus as well as to introduce the highly problematic 5

10-membered lactone in a single operation.

(27) Baubg G.; Deslongchamps, Hetrahedron Lett1987 28, 5255.
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1988 110, 2674.
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1, 6509.
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(35) Roush, W. R.; Brown, B. BJ. Org. Chem1992 57, 3380.
(36) Roush, W. R.; Blizzard, T. A.; Basha, F. Zetrahedron Lett1982
23, 2331.
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42, 512.
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ration of L-glyceraldehyde pentylidene ketall3° with (E)-
crotylboronate §9-32 provided 33 with excellent selectiv-
ity.4041 Removal of the ketal by heating a methanolic solution
of 33 with Dowex 50 x 4-400 H" resin followed by selective
silylation of the primary alcohol provided TBS etHg4in 84%
overall yield from31. The C(8,9) diol unit was then protected

as an acetonide, and the TBS ether was cleaved to give primary

alcohol 35 in 96% yield. It should be noted that it was not
possible to transform33 directly into 35 since the acetonide at
the terminal C(7,8) position (as iB3) is more stable than at
the internal C(8,9) position i85.11 Oxidation of 35 via the
Swern protocd? and Corey-Fuchs olefination of the resulting
aldehyde provided dibromodier®6.#3 Finally, subjection of

J. Am. Chem. Soc., Vol. 118, No. 32, 199505

CO,i-Pr
o
/\/BAO -CO,i-Pr
TBDPSO Me TBDPSO  Me
/klfH (R,R)-38 "
Me —_— Me
toluene , -78°C \
o 98% OH
(R)-37 >99% d.e. 39
1) O3, CH,Cly, -78°C;
then PhgP
2) PhgP=C(Me)CO,Et TBDPSO Me Me
Z
CH,Cl,, 50°C Me™ CO,Et
3) TES-OTY, Iutidine OTES
CH,Cl,, -78°C 40
81%
1) DIBAL-H, -78°C TBDPSO Me Me
= H
2) MnO,, CHyCly Me™ ™
79% OTES e}
26

Synthesis and Transannular Diels-Alder Reaction of 13-
Deoxymacrolide 22. We began the synthesis of macroli2i2

36 to standard Wacker oxidation conditions provided methyl With the aldol coupling of methyl ketorz5 and enal6. Initial

ketone25 in 65—70% vyield**

LCO,iPr

9o,
%(O Me\/\/B.O CO,iPr %(O Me
o ' H o 1 |
N (5.9)-32 N
o) toluene , -78°C 7 OH
31 4A sieves 33
1) Dowex 50X4 H* resin OH Me
MeOH, THF, 70°C TBSO\/W
2) TBDMS-CI, EtsN OH
DMAP, CH,Cl,
84% from 31 34
Ho 1) DMSO, (COCl),
1) 2-methoxypropene, Et3N, CH,Cl,
PPTS, CH,Cl, -0 -78°C
Me. ‘O><
2) BugNF, THF 2) Ph3P, CBry,
96% \ CH,Cly, 0°C
35 80%
Br Br Br. Br
|
| -O>< PdCl,, CuCl, O, —O><
M <
Me g DMF-H,0, 23°C © o
65-709
~ % 07 "Me
36 25

Synthesis of Enal 26. The synthesis of this fragment
originated with the highly diastereoselecti#-¢rotylboration
of (R)-lactaldehyde derivativ87*> and R R)-38,4041 which
provided39 with >99% diastereoselectivity (only one isomer
detectedf® Ozonolysis of 39, treatment of the resulting
B-hydroxy aldehyde with Pf#=C(Me)CQEt provided enoate
40 in 79% vyield. Finally, DIBAL-H reduction of the carbo-
ethoxy group and Mng@oxidation of the allylic alcohol provided
the targeted end&6.

(39) Schmid, C. R.; Bradley, D. ASynthesis992 587.

(40) Roush, W. R.; Halterman, R. . Am. Chem. S0d986 108 294.

(41) Roush, W. R.; Hoong, L. K.; Palmer, M. A. J.; Straub, J. A;;
Palkowitz, A. D.J. Org. Chem199Q 55, 4117.

(42) Tidwell, T. T. Synthesid99Q 857.

(43) Corey, E. J.; Fuchs, P. MTetrahedron Lett1972 3769.

(44) Hegedus, L. S. Ifomprehensie Organic Synthesi$. M. Trost,
Ed.; Pergamon Press: Oxford, 1991; Vol. 4, p 551.

(45) Soai, K.; Shimada, C.; Takeuchi, M.; Itabashi, M.Chem. Soc.,
Chem. Commuril994 567.

(46) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, lArigew. Chem.,
Int. Ed. Engl.1985 24, 1.

attempts to prepare alddll via the addition of the lithium

enolate of25 to aldehyde26 met with variable and poorly

reproducible results (650%, depending on the reaction scale).
Aldol 41is very sensitive to retroaldol cleavage, which occurred
even during silica gel chromatographic purification. It was
possible to trap aldall as the corresponding TBS ether in 69%
yield by adding TBS-OTf before the reaction workup. Simple

Br Br

TESO
Me

TBDPSO Me Me

41

modification of this sequence involving treatment of the
intermediate lithium aldolate with A© and DMAP followed

by addition of DBU provided the desired trienoAg in 61%
yield. Suzuki coupling o2 with vinylboronic acid24 in the
presence of Pddba) and TIOH provided seco estéBin 74%
yield 3347 Finally, deprotection of the benzyl ester and the C(17)
triethylsilyl ether completed the synthesis of seco abid

Br B 1) LHMDS, THF
| -78°C
o —O>< 2) 26
Me 0 3) Ac,0, DMAP
Me then DBU

61% Br_Br

25
-0
Me ‘O><
TBDPSO Me Me Me
42
24, PhgP B2I0,C Br
Pda(dba)s
,o><
TIOH, THF
74% Me o
TBDPSO  Me Me Me
43
, HO,C Br
1) LiOH, DME-H,0
0
2) HF, CH3CN X<
63% Me .
TBDPSO Me Me Me
a4

Addition of the mixed anhydride generated by treatment of
44 with trichlorobenzoyl chloride and Bl in THF to a 100°C

(47) Uenishi, J.; Beau, J.-M.; Armstrong, R. W.; Kishi,X.Am. Chem.
So0c.1987 109, 4756.
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solution of DMAP in toluene provided a mixture of two
tetracyclic products45and46, in 79% combined yield® The
18-membered macrolid22 was not observed under these
conditions. The stereochemistry of the major proddiGtwhich
was isolated in 66% yield, was assigned on the basisl 6fMR
data. In addition to th@ data summarized in the accompanying

HO,C

1) ClaCgH,COCI
EtsN, THF, 23°C

2) DMAP, toluene
100°C

TBDPSO Me Me

45, 66% 46, 13%

Jss = 3.4 Hz Jos = 3.4 Hz
Jrg=82Hz J7g = 8.8 Hz
J7‘12 =48 Hz J7Y12 =52Hz
Jgo = 4.8 Hz Jpo = 6.8 Hz
Jo1o = 4.8 Hz Jor1o = 10.4 Hz
J12_13=11.6 Hz J12|13=12.8 Hz
Jirs =11.6 Hz Jots =12.8 Hz

figure, strong NOEs observed betweep—+H1, (4.9%), H—
Hio (4.6%), and Ho—H13 (3.7%) are uniquely consistent with
the stereostructure depicted 6. Interestingly, all stereo-

nOe Data
His - H7, 4.9%
Hio— Hg, 4.6%
Hip— Hyz, 3.7%

centers of45 except C(8) correspond exactly to the stereo-

chemistry of the natural nargenicinsThe minor product46,
isolated in 13% yield, is the C(10) epimer4b. These results
verified that the stereoselectivity of this transannular Diels
Alder reaction is strongly biased to produce cycloaddimst
exactly as predicted by our analysis of transition sta#47.

In an effort to minimize the extent of epimerization 45,
the macrolactonization of4 was performed at 80C. Under
these conditions, macroli®2 was obtained in 38% yield along
with 32% of tetracycle45 and only 5% of the C(10) epimer
46. With a sample o2 available, it was possible to assess
the diastereoselectivity of the transannular Digldder reaction.

In the event, when a toluene solution2# was heated at 100
°C for 20 h, tetracyclel5 was obtained in 85% vyield as the
sole reaction product. Therefore, it is clear that the transannul
Diels—Alder reaction of22 is highly stereoselective, and that
the C(10)-epime#r6 derives from epimerization of either4
(or the corresponding mixed anhydrid@R, or 45 under the
weakly basic macrolactonization conditions.

Roush et al.

1) ClyCgHCOCI
EtsN, THF, 23°C

2) DMAP, toluene
80°C

Me 45 329
22, 38% "
Me 46 (5%)

toluene, 100°C, 20 h

85%
no 46!

this reaction possesses a trans ring fusion. This product arises
from an acyclic transition state analogoudt It is the minor
product in this series48, which derives from an acyclic
transition state analogous 16, that has the correct nargenicin
stereochemistry. Interestingly, botii and48 possess the same
relative stereochemistry at C{#(8), indicating that the steric
directing group functioned as intended in allowing only one
face of the diene to interact with the dienophile in the reaction
transition state$®® The problem with the cyclization o3 is

that both faces of the dienophile interact with the diene, leading
to the formation of two products with, unfortunately, the
incorrect stereoisomet7 predominating. This provides retro-
spective support for our original hypothesis that allylic interac-
tions involving the C(16) stereocenter in the macrocyclic tetraene
would serve as an important stereochemical control element and
dictate the face of the dienophile that is presented to the diene
in the transannular DielsAlder reaction.

toluene

Jas=5.2Hz
Jrg = 9.6 Hz
F,12=12.0Hz
ngg =5.0Hz
Jo.10 = 5.0 Hz
Jiz13=12.0 Hz

ar

Synthesis of Macrolide 13. One problem not solved by the

In order to verify our prediction that the success of the successful transannular Dielglder reaction of22 concerns

synthesis o#45 depends on the conformational preferences o
macrocycle22in the transannular cycloaddition transition states
and that a conventional intramolecular Diekslder (IMDA)
reaction would not be very stereoselective in this séri@d2
we examined the thermal cyclization of seco edt&r When a
toluene solution o#A3 was heated at 11TC for 24 h, a ca. 2:1
mixture of cycloadductd7 and48was obtained. Asis clearly
illustrated in the following diagram, the major produdf) of

(48) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; YamaguchiBull.
Chem. Soc. Jpril979 52, 1989.

¢ the introduction of the C(8)C(13) oxa bridge present in the
natural products. Unfortunately, repeated attempts to introduce
" the oxa bridge by application of remote oxidation proced@rgs
on intermediates derived frodb were not successfaf. Ac-
cordingly, it was apparent that if the transannular Digddder
strategy was to yield a productive route to the naturally occurring

(49) Barton, D. H. R.; Beaton, J. M.; Geller, L. E.; Pechet, M. M.
Am. Chem. Sod 961, 83, 4076.

(50) Heusler, K.; Kalvoda, Helv. Chim. Actal963 46, 2020.

(51) Mihailovic, M. L.; Gojkovic, S.; Konstantinovic, STetrahedron
1973 29, 3675.
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nargenicins, it would be necessary to introduce an oxygen- by standard procedures via the corresponding carboxylic®acid.

containing functionality at C(13) prior to the Dietd\lder
reaction. We therefore synthesized macroli@én anticipation

The aldol coupling 0#49 and 50 provided -hydroxy ketone
51in 73% yield as a 3:1 mixture of diastereomers. We presume

that it would undergo a facile transannular cycloaddition reaction that the major diastereomer is the Felkin isomer, as formulated

to nargenicin precursat8 (X = OH).

Br Br Br Br
|
o Og, CHyClp-MeOH -0><
Me A+ -0 NaHCOg, -78°C  Mesy~ -0
then PhsP
X 8 07 H
36 49
TBOPSO  Me Me 1) LIOH, THF, MeOH
Z
Me™ ™ COEL 2) MeLi, THF, 0°C;
OTES TMSCI
40 94%
TBOPSO  Me Me 1)1:%\{188, THF
Me A Me
OTES O 2)49

50

Me Me Me
51 (3 : 1 selectivity)

TBDPSO

23, PhgP BzIO,C Br
Pd,(dba)s
-0,
ToH, THE , TF X
73% ¢ o
TBDPSO Me Me Me
52
) HO,C Br
1) LIOH, DME-H,0 .
MeO _0
2) HF, CH4CN OH ><
80% Me -

TBDPSO

Me Me Me

1) ClaCyH,COCI
EtsN, THF

2) DMAP, 110°C
toluene
55%

Me,SO, TFAA

CH,Cly, -78°C
Et,N
73%

In view of the instability of aldok1 (vide supra), the synthesis
of 13 that we developed proceeds by way of al8dlthat is

considerably more stable. The required aldehyde component

in 51, but this stereochemical assignment was not established
rigorously. The diastereomeric mixture was not separated on
a routine basis, since both isomers behaved similarly in
subsequent transformations. Cross couplin§13:1 diaster-
eomeric mixture) with vinylboronic acig3 provided52in 73%
yield. Standard deprotection of the benzyl ester and triethylsilyl
ether provided the seco aci8, which when subjected to the
Yamaguchi macrocyclization protocol provided macrolite

in 55% yield*® It is noteworthy that the potentially sensitive
pB-hydroxy ketone functionality survived the sequence of reac-
tions from51 to 54 without protection. Finally, oxidation of

54 with the Swern DMSO-trifluoroacetic anhydride readént
provided macrocycld 3, which exists exclusively as an enol
tautomer. Whilel3is probably a rapidly equilibrating mixture

of the two isomeric enols, the regioisomer formulated 3ais
expected to be the predominate Gh&®

Unfortunately, numerous attempts to indut&to undergo
the desired transannular Dieldlder reaction have not been
successful. Macrocycld3 was recovered unchanged when
heated to 200C in toluene; at higher temperatures250 °C)
substantial decomposition was observed. No reaction was
observed when solutions df3 were exposed to ultrasound at
50°C.%" or whenl13was dissolvedri a 5 Msolution of LiCIO,
in E,0.58 Similarly, macrocyclel3 was recovered unchanged
when treated with various Lewis acids including anhydrous
ZnCh in THF, MeAICI in THF, BF3Et,O in CH.Cl, or LiBF4
in CH3CN at ambient temperature. Decomposition was ob-
served wheri3was treated with ByB and HOAC, in an attempt
to generate a cyclic borate estr.

It was clear from these results that thdydroxy enone unit

49 was prepared by selective ozonolysis of the vinyl unit of iy 13 which can be thought of as an “acac” complex of a proton,

36.58 Aldehyde 49 was used without purification directly in
the aldol reaction with methyl ketor&0, which was prepared

is too electron rich to function as a dienophile in the transannular
Diels—Alder reaction and that the anticipated entropic assistance
of the transannular process is insufficient to overcome this elec-

(52) Numerous attempts to introduce the oxa bridge by remote oxidation tronic barrier?” However, the literature contains several exam-

of alcoholi, which was prepared by an eight step sequence #bmvere
unsuccessful. Methods examined include Pb(QACRCQ, benzene, 80
°C; Pb(OACc), |, CaCQ; AgoCOs, Bry; AgoCO;s, |; DDQ, CHCI; and
nitrite ester photolysis (see refs 491).

Br OH
H 1 .omom

ples of intramolecular DietsAlder reactions off-alkoxy and
B-acetoxy enone®.61 Accordingly, many attempts were made
to convertl3 or the analogous des-methoxy macrol&teinto
the corresponding enol acetate derivatives (&§.from 13)

(53) Pryor, W. A.; Giamalva, D.; Church, D. B. Am. Chem. So4983
105 6858.

(54) Rubottom, G. M.; Kim, CJ. Org. Chem1983 48, 1550.

(55) Bassetti, M.; Cerichelli, G.; Floris, Bietrahedronl 988 44, 2997.

(56) Vila, A. J.; Lagier, C. M.; Oliveri, A. CJ. Phys. Cheml991, 95,
5069.

(57) Lee, J.; Snyder, J. K. Am. Chem. S0d.989 111, 1522.

(58) Grieco, P. A.; Nunes, J. J.; Gaul, M. D. Am. Chem. Sod.990
112, 4595.

(59) Narasaka, K.; Pai, Hetrahedron1984 40, 2233.
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by treatment with isopropenyl acetate or acetic anhydride in

the presence g TsOH, or with acetyl chloride and §4. How-
ever, no reaction occurred at ambient temperature t6@®0
while substantial decomposition was observed above )0

Roush et al.

To the best of our knowledge, the tandem macrolactonization
of 44 and transannular DielsAlder reaction of22 is the first
fully documented example in which the transition state confor-
mational preferences of the macrocycle play a decisive role in

An enol acetate derivative of undetermined geometry was gener-determining the stereoselectivity of the cycloaddition eéént.

ated by treatment 055 with LIN(TMS), and AcO, but this
material decomposed when heated at Q0N toluene. Simi-

One hurdle remains to be solved in order for this strategy to
be successfully applied to the total synthesis of the nargenicins,

larly, attempts to generate and cyclize enol diethyl phosphate namely establishment of a method for introduction of the oxa

(LHDMS, (EtORPOCI, THF) and enol sulfonate derivatives

bridge%? Studies addressing this issue are in progress, and will

(MsCl, E&N) were unsuccessful. Attempts to generate enol be the subject of future reports from our laboratory.

ether derivatives by treatment &8 or 55 with CH,N,, TsOH

in MeOH, or MOM-CI andi-Pr,NEt in CH,CI, were similarly
unproductive. A triethylsilyl enol ether (of undetermined regio-
and stereochemistry) was obtained by treatmedt3afith Ets-
SiOTf and lutidine at—=78 °C, but this material also failed to
undergo the desired transannular DieAdder reaction.

56, R = Ac

57, R = PO(OEt),
58, R = SO,Me
59, R = Me

60, R = MOM

61, R = SiEty

Conclusions

Experimental Section

General Methods. All reactions were conducted in flame-dried
glassware under dry argon or nitrogen. All solvents except DMF were
purified before use: diethyl ether, THF, and toluene were distilled from
sodium benzophenone ketyl; dichloromethane and triethylamine were
distilled from CaH, and methanol was distilled from magnesium
turnings. DMF was used as received from commercial sources.

IH NMR spectra were measured at 300 and 400 MHz on com-
mericially available instruments. Chemical shifts are reportedunits;
coupling constants are reported in Hz. Residual chlorofa¥rid.26)
and benzened( 7.15) were used as internal references for spectra
measured in these solventSC NMR spectra were measured at 100.6
MHz, and residual chloroformd(77.0) and benzene)(128.0) were
used as internal references. High resolution mass spectra were
measured at 70 eV. Optical rotations were measured on a Rudolph
Autopol Il polarimeter using a quartz cell with 1 mL capacity and a
10 cm path length. Elemental analyses were performed by Robertson
Laboratories, Florham Park, NJ.

Analytical thin layer chromatography (TLC) was performed with
the use of plates coated with a 0.25 mm thickness of silica gel containing
PF254 indicator (Analtech), and compounds were visualized with UV
light, iodine,p-anisaldehyde, ceric ammonium molybdate, or ninhydrin

We have_ gstablished that the ComF?'ete_ carbon Skeleton _Ofstain. Preparative TLC was performed with the use of 20>cr20
the nargenicins can be assembled with high stereoselectivitycm plates coated with a 0.50 mm thickness of silica gel containing

from subunits24, 25, and 26 by a sequence involving the
macrolactonization of seco acddl and the transannular Diels
Alder reaction of the derived 18-membered macrofide This

PF254 indicator (Analtech). Flash chromatography was performed as
described by Still with the use of Kieselgel 60 (23@0 mesh¥?
Benzyl (25)-2-hydroxy-5-(trimethylsilyl)-4-pentynoate (28). To

sequence permits all of the stereochemical features of thea 0°C solution of (trimethylsilyl)acetylene (20.3 mL, 144 mmol) in

nargenicin nucleus, represented by structifgo be controlled.

toluene (120 mL) was addedBuLi (80 mL, 2.5 M in hexanes, 144

In contrast, stereocontrolled construction of the hydronaphtha- Mmol) by syringe over 30 min. The resulting mixture was stirred for

lene nucleus is not possible in the conventional intramolecular

Diels—Alder mode as illustrated by the non-selective IMDA
reaction of seco estel3. An added benefit of this strategy is

30 min at which time diethylaluminum chloride (80 mL, 1.8 M in
hexanes, 144 mmol) was added. The solution was warmed to room
temperature, stirred f@® h and recooled to 6C; a solution of benzyl
(29-glycidateé* (27, 12.8 g, 71.7 mmol) in 40 mL toluene was then

that the troublesome 10-membered lactone is established by &qded via cannula. The solution was stirred 4€0for 4 h atwhich
formal ring contraction of the more easily synthesized 18- time it was diluted with ether (200 mL), acidified WitL M HCI (pH

membered lactone.

~ 4) and extracted with ether (4 100 mL). The combined organic

Two independent stereochemical control features determinelayers were washed with water (100 mL), dried with MgSfitered

the success of the transannular Diefdder reaction oR2. First,

and concentrated. Purification of the crude product by flash chroma-

the C(6)-Br steric directing substituent dictates that only one tography [silica gel, 10< 15 cm, gradient elution: 5% ethyl acetate/

of the two faces of the diene is accessible to the dienophile in

transition statel4 (and potentially also i16).25> Second, allylic
strain considerations involving the C(t8Yle substituent dictate

that only one face of the dienophile is accessible to the diene

in transition statel4 (and possibly alsd5).26 The latter effect

hexanes (2 L); 10% ethyl acetate/hexanes (1 L); 15% ethyl acetate/
hexanes (2 L)] gave alcoh@B (16.5 g, 83%) as a colorless oilo]p>
—71.5 (c 0.9, hexanes)H NMR (300 MHz, CDC}) 6 7.45-7.35

(m, 5 H), 5.27 and 5.21 (AB] = 12.1 Hz, 2 H), 4.36 (M) = 7.7, 4.9

Hz, 1 H), 3.05 (dJ = 6.9 Hz, 1 H), 2.72.8 (m, 2 H), 0.13 (s, 9 H);

IR (neat) 3500, 2180, 1750 cr) HRMS calcd for GsHz¢OsSi (M™),

is operational only in the transannular cycloaddition mode due 276.1182, found 276.1184. Anal. Calcd fors8,00sSi: C, 65.17:
to conformational constraints posed by the 18-memberedH, 7.31. Found: C, 65.00; H, 7.11.

macrocycle. The combination of these two effects lead4o

Benzyl (25)-2-methoxy-4-pentynoate (29).To a stirred solution

being the most favorable of all the possible transition states, of alcohol28 (3.0 g, 11 mmol) in CKCI; (15 mL) in a 50 mL round

and as a result the transannular Diefdder reaction is highly
stereoselective.

(60) Schlessinger, R. H.; Wong, J.-W.; Poss, M. A.; Springer, J. P.
Org. Chem.1985 50, 3950.

(61) Shishido, K.; Takahashi, K.; Fukumoto, K.; Kametani, T.; Honda,
T.J. Org. Chem1987, 52, 5704.

(62) For two other examples of transannular Diefdder reactions that
are more selective than analogous intramolecular Biglder reactions,
see: (a) Roush, W. R.; Warmus, J. S.; Works, A.T&trahedron Lett.
1993 34, 4427. (b) Jung, S. H.; Lee, Y. S.; Park, H.; Kwon, D.-S.
Tetrahedron Lett1995 36, 1051.

bottom flask with a screw cap seal was added silver(l) oxide (2.5 g, 11
mmol) and methyl iodide (2.0 mL, 32 mmol). The tube was sealed,
placed in an oil bath at 56C and stirred for 12 h at which time
additional silver(l) oxide (2.5 g, 22 mmol) and methyl iodide (2.0 mL,

65 mmol) were added. After being stirred for an additional 12 h at 50
°C the solution was cooled, filtered through Celite with £ and
concentrated in a fume hood by aspirator vacuum. Purification of the
crude product by flash chromatography (silica gelx5L5 cm, 5%

ethyl acetate/hexanes) gave the methyl ether (2.28 g, 72%) as a colorless

(63) Still, W. C.; Kahn, M.; Mitra, A.J. Org. Chem1978 43, 2923.
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oil: [a]p®® —13.6° (c 0.5, hexanes)!H NMR (300 MHz, CDC}) 6 188.0833. Anal. Calcd for £H1202: C, 76.57; H, 6.43. Found: C,
7.4-7.3 (m, 5 H), 5.21 (s, 2 H), 3.95 (m, 1 H), 3.45 (s, 3 H), 275 76.29; H, 6.66.

2.65 (m, 2 H), 0.12 (s, 9 H); IR (neat) 2180, 1760 ¢&rHRMS calcd (E)-4-(Benzyloxycarbonyl)but-1-enylboronic Acid (24). To a
for CieH2205Si (M*), 290.1339, found 290.1354. Anal. Calcd for  flame-dried Carius tube was added benzyl 4-pentyn@ge(686 mg,
CieH2205Si: C, 66.22; H, 7.65. Found: C, 65.82; H, 7.41. 3.65 mmol) and freshly distilled catecholborane (88 0.90 mmol).

To a stirred, 23C solution of the above methyl ether (1.74 g, 5.99 After gas evolution ceased, the tube was sealed and heated €100
mmol) in N,N-dimethylformamide (20 mL) and water (7 mL) was added ~An additional 3 aliquots of catecholborane (9%, 0.90 mmol, each)
potassium fluoride dihydrate (2.82 g, 30.0 mmol) in one portion. The were added over 9.5 h (total volume for four additions of catecholborane
resulting mixture was stirred for 20 h at which time it was poured into was 39QuL, 3.68 mmol), and the mixture was stirred for an additional
brine solution (20 mL). The aqueous layer was extracted with ether 20 h at 100°C. The mixture was cooled to ambient temperature and
(3 x 40 mL) and the combined organic layers were washed with brine diluted with brine (5 mL) and EtOAc (5 mL). The resulting mixture
(40 mL), dried with MgSQ, filtered and concentrated. Purification of ~ was vigorously stirred for 40 min. More EtOAc (10 mL) was added,

the crude product by flash chromatography (silica gek 25 cm, and the two-phase system was separated. The aqueous phase was
15% ethyl acetate/hexanes) gave alkg0¢1.06 g, 81%) as a colorless  extracted with EtOAc (5< 5 mL), and the combined organic extracts

oil: [a]p?® —29.¢° (c 0.4, hexanes)!H NMR (300 MHz, CDC}) ¢ were dried (MgSG@), filtered, and concentrated vacuo. The residue
7.4-7.3 (m, 5 H), 5.26 and 5.20 (AR} = 12 Hz, 2 H), 3.96 (tJ = was purified by flash chromatography on a short, wide column with
6.1 Hz, 1 H), 3.46 (s, 3 H), 2:82.6 (m, 2 H), 2.68 (tJ =2.3 Hz, 1 1:1 hexanes-ether to remove catechol, then quickly eluted with 95:5
H); IR (neat) 3300, 2220, 1750 cth HRMS calcd for GaH1403 (M), CH.Cl,—CH3;OH to provide24 (519 mg, 61%) as a very viscous clear
218.0943, found 218.0939. Anal. Calcd forsB8:405 C, 71.54; H, oil: R 0.33 (95:5 CHCIl,—CHzOH); *H NMR (400 MHz, CXOD) ¢

6.47. Found: C, 71.28; H, 6.72. 7.40-7.28 (m, 5 H), 6.5 (dtJ = 17.6, 5.8 Hz, 1 H), 5.6 (dJ = 17.6

Hz, 1 H), 5.1 (s, 2 H), 2.52.4 (m, 4 H); IR (neat) 3430 (br), 1760,
(23). To a neat sample of alkyrd (800 mg, 3.66 mmol) in a tube 1660 cnT*; HRMS (EI) calcd for GoH105 (M* — B(OH),) 189.0915,
equipped with a screw cap seal was added catechol boranelL(98 found 189.0899. This compound was fully characterlzgd as the pinacol
0.92 mmol) via syringe. The tube was flushed with argon, sealed and €Ster, which was prepared as described in the following procedure.
placed in an oil bath at 100C. After being stirred for 2.5 h the tube To a solution of vinyl boronic aci@4 (57 mg, 0.24 mmol) in dry
was cooled and placed under a positive pressure of argon; additionalTHF (1 mL) was added pinacol (26 mg, 0.22 mmol) an¢3@, (20
catechol borane (98L, 0.92 mmol) was added. This process was MJ; 0.10 mmol). After being stirred at room temperature under N
repeated until a total of 1.5 equiv of catechol borane @865.5 mmol for 2 d, the mixture was filtered through a cotton plug and concentrated
total) had been added. After additional heating at 30Gor 6 h the in vacua The crude product was purified by flash chromatography
solution was cooled and carefully quenched with a 1:1 ethyl acetate/ USing 5:1 hexanes-ether as eluant to provide the pinacol ester (47 mg,
water mixture (4 mL). This mixture was stirred at room temperature 74%) as a clear oil:*H NMR (400 MHz, CDC}) 6 7.40-7.30 (m, 5

for 12 h, diluted with 20 mL ethyl acetate and the aqueous phase was ™), 6:62 (m, 1 H), 5.47 (dJ = 18.0 Hz, 1 H), 5.10 (s, 2 H), 2.51
extracted with ethyl acetate (220 mL). The combined organic layers ~ 2-40 (M, 4 H), 1.26 (s, 12 H}!B NMR (115 MHz, CDC}) 6 29.9 (s);
were washed with brine (20 mL), dried with Mg$Cfiltered and IR (neat) 1735, 1635 cm; HRMS (CI) calcd for GeHzs04B (M),
concentrated. Purification of the crude product by flash chromatography 315:1882, found 315.1858. Anal. Calcd forgB2:0,8: C, 68.37; H,
[silica gel, 3x 15 cm, gradient elution: 50% ethyl acetate/nexanes /-97- Found: C, 68.41; H, 7.68.

(E)-(49)-4-(Benzyloxycarbonyl)-4-methoxybut-1-enylboronic Acid

(0.5 L); 5% methanol/dichloromethane (0.5 L)] gave boronic &3d ~ (2S3R4R)-1-[(tert-Butyldimethylsilyl)oxy]-4-methylhex-5-en-2,3-
(722 mg, 75%) which was stored as a 0.5 M solution in methanol: diol (34). Chiral crotylboronate$S)-32(73.6 mL of a 0.93 M solution
[0]o® —39.% (c 1.2, methanol)*H NMR (400 MHz, CDC}) & 7.4— in toluene, 68 mmoff was diluted with toluene (200 mL) and treated

7.3 (m, 5 H), 6.44 (dt) = 17.2, 7.0 Hz, 1 H), 5.59 (df] = 17.2, 1.4 with powderel 4 A molecular sieves (10 g, Aldrich) at room
Hz, 1 H), 5.17 (AB,J = 12.2 Hz, 2 H), 3.95 (ddJ = 6.6, 5.4 Hz, 1 temperature for 30 min. This dispersion was then coole&78 °C.
H), 3.34 (s, 3 H), 2.72.5 (m, 2 H); IR (CCJ) 3660, 3460, 1760, 1640 To this solution was then added a solution of 2,3-O-(3-pentylidene)-
cm-%. This compound was fully characterized as the pinacol ester, as L-glyceraldehyde 1) (7.22 g, 45.6 mmof} in toluene (10 mL) via
described in the following procedure. syringe pump over a 30 min period. The reaction mixture was stirred
To a mixture of boronic aci@3 (132 mg, 0.50 mmol) and N8O for an additional 1.5 h at-78 °C at which time 1 M NaOH (135 mL)
(85 mg) in THF (2 mL) at 23°C was adéled pinacol (60 mg, 0.50 was added; the resulting mixture was then stirred at room temperature
mmol) in one portion. This mixture was stirred at room temperature for 3 h. The_ organic phase was separated and the agueous Iay_er was
for 1 h, filtered through a cotton plug and concentratedvacua extracted with diethyl gther (& 100 mL). The comblneql organic
Purification of the crude product by flash chromatography (silica gel, layers were washed Wlth_saturated NaHGD0 mL) apd b”r.]e.(lo.o
2 x 15 cm, 10% ethyl acetate/hexanes) gave the pinacol ester (111mL)’ dried W'th MgSQ, filtered and concentrated via "’.I.d's.t'”atlon
mg, 67%) as a clear oil:of] o —24.6 (c 1.4, CHC); IH NMR (400 apparatus (3 Vigreux column; 40°C at 30 mm Hg). Purification of
MH,z CDCl) 8 7.4-7.3 (m, 5 H), 6.57 (dt,,J —17 8 6.6 Hz, 1 H) the resulting mixture of diastereomers (91:9 by GC analysis) by flash
5.52 (dd.) = 17.8, 1.4 Hz, 1 H). 5.18 (s, 2 H), 3.90 G- 5.6 Hz, 1 Chromatography [silica gel, % 15 cm, gradient elution: hexanes (1
H.) 3.38 ,(s 3 Hj 2 652 5’5 m '2 |'_|) 1 é5 (s '12' H}JB( NMR (1’15 L); 10% ethyl ether/hexanes (1 L); 20% ethyl ether/hexanes (1 L)] gave
W ! g ' - S the desired homoallylic alcoh88 as a colorless oil: d]p?® —15.6 (¢
MHz, CDCk) ¢ 29.5; IR (CC}) 1760, 1640 cmt; HRMS calcd for
CieHa10:B (f\)/ﬁ) 346 195(1 fo)und 346.1936 0.9,(CHCL;);)1H NMR ((400 MI)—|z, CDCJ;)( ) 5.%)5.8 (m, l(H), 5.2)
' ' ' .' ' . 5.1 (m, 2 H), 4.+4.0 (m, 2 H), 3.9-3.8 (m, 1 H), 3.73.6 (m, 1 H),
Benzyl 4-Pentynoate (30).A solution of 4-pentynoic acki (3.15 2.45-2.35(m, 1 H), 1.71.6 (m, 4 H), 1.09 (d) = 7.2 Hz, 3 H), 0.90

g, 30 mmol) in CHCN (100 mL) was treated with DBU (6.8 mL, 45 (q,d = 7.2 Hz, 6 H); IR (CCl) 3600, 3500, 1640 cr: HRMS calcd
mmol) and benzyl bromide (9.5 mL, 80 mmol). This mixture was fo; CuoH1:0 (,\'/ﬁ _ szs) 185.117£3 foun‘d 185.11é2. Anal. Calcd
stirred at room temperature overnight under NEtO (100 mL) and for CiHp,0s C, 67.24: H 10.37. F’ound: C, 67.40; H, 10.47.

HCl (.1 M, 50 mL) were add_ed, the layers were separated, and the This material was directly dissolved in a 2:1 mixture of methanol
organic layer was washed with aqueous HQI (1 Mx 20 mL). The and tetrahydrofuran (30 mL) and heated at reflux in the presence of
combl_ned agueous layers were extracted W't.h Eth.ef &® ml‘)' The Dowex 50x 4—400 H' resin for 8 h. The solution was filtered, then
?Irgancljc phgses were cggblned, WsSh%d vlwth brll\lne, dried (MDSO the solvent was removead vacuoand the crude triol was purified by
|ter_e , an concentrat vacuo. Residua CHCN was remove flash chromatography [silica gel, 8 15 cm, gradient elution: 50%

by distillation, and the pot residue was purified by flash chromatography ethyl ether/hexanes (0.5 L); 50% methanol/ethyl acetate (0.5 L)], which
using 20:1 pentane-ether as eluant to yRq4.63 g, 82%) as a yellow afforded (B3R 4R)-4-meth;/Ihex-5-en-1 2,3-triol (5.78 g, 86%) ‘as a
oil: R 0.76 (955 CHClz-CH3OH), 1H NMR (400 MHz, CDC{;) 0 white solid (mF’) 69-71 oc): [(1]D23 +51; (’C 0.5, CHCE), ’lH NMR
7.40-7.28 (m, 5 H), 5.15 (s, 2 H), 2.642.59 (m, 2 H), 255251 400 \HZ, CDCY) 6 5.82 (ddd,J = 18.0, 9.0, 8.0 Hz, 1 H), 5.18 (d,
(m, 2 H), 1.98 (tJ = 2.6 Hz, 1 H); IR (neat) 3290, 2120, 1740 (br), J=120 Hz, 1 H), 5.17 (dJ = 16.0 Hz, 1 H), 3.73.9 (m, 2 H)
1615 cnt; HRMS (CI) caled for GoH1,0, (MT) 188.0837, found ) ' " ) ' T ' '

(65) Roush, W. R.; Palkowitz, A. D.; Ando, K. Am. Chem. So499Q
(64) Schulte, K. E.; Reiss, K. Ehem. Ber1954 87, 964. 112 6348.
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3.7-3.6 (m, 1 H), 3.6:3.5 (m, 1 H), 2.52.4 (m, 1 H), 1.06 (dJ = To a solution of triphenylphosphine (11.2 g, 42.9 mmol) in,CH

7.0 Hz, 3 H); IR (CHCIy) 3600, 1460 cm!; HRMS (CI, NH) calcd (16 mL) cooled at CC was added a solution of carbon tetrabromide
for C/H1505 (MT+1), 147.1021, found 147.1009. Anal. Calcd for (7.12 g, 21.5 mmol) in CkCl, (8 mL) via cannula. After the solution
C;H1405Si: C, 57.51; H, 9.65. Found: C,57.21; H,9.47. The antipode was stirred fo 1 h at 0°C, a solution of freshly prepared aldehyde

of this triol is a known compountt. from the preceding experiment in GEl, (10 mL) was added via
To a solution of the above triol (5.78 g, 39.3 mmol) in dWN- cannula. The mixture was stirredrf8 h at 0°C at which time hexanes
dimethylformamide (80 mL, Aldrich) at °C was addedtert- (40 mL) were added. The milky solution was filtered through a pad

butyldimethylsilyl chloride (5.92 g, 39.3 mmol), triethylamine (6.37 _of silica geI/CeI_ite Witr_] 20% ethy_l acetate/hexane_s as the elue_n_t; the
mL, 45.7 mmol) and 4-dimethylaminopyridine (DMAP, 467 mg, 3.82 insoluble material left in the reactlon flask was suppcte_d to additional
mmol). The resulting mixture was warmed to room temperature and (3x) cycles of CHCI extraction and hexanes precipitation to remove
stirred for 24 h at which time additional DMAP (467 mg, 3.82 mmol) @ny remaining product. Concentration of the filtrate folloy\(ed by
was added. After being stirred for an additional 12 h the solution was Purification of the crude product by flash chromatography [silica gel,
poured into saturated NaHG@L00 mL). The aqueous phase was 5 x 15 cm, gradient elution: hexanes (1 L); 2% _ethyl acetate/hexanes
extracted with diethyl ether (4 50 mL) and the combined organic (1 L); 5% ethyl acetate/he?(anei(l L)] gave the dibromo ?BS‘Q'%
layers were washed with water (100 mL), dried with MgSfitered 9, 80%) as a colorless oil:a]p* +4.1° (c 0.4, hexanesy,H NMR

and concentrated. Purification of the residue by flash chromatography (300 MHz, CDCY) ¢ 6.52 (d,J = 9.5 Hz, 1 H), 5.88 (ddd] = 17.8,
[silica gel, 5x 15 cm, gradient elution: hexanes (0.5 L); 10% ethyl 0-8: 7.0 Hz, 1 H), 6.865.8 (m, 2 H), 4.74 (dd) = 9.5, 5.4 Hz, 1 H),

acetate/hexanes (0.5 L); 20% ethyl acetate/hexanes (1 L)] gavaddiol 397 (4d:J = 9.0, 5.4 Hz, 1 H), 2.22.4 (m, 1 H), 1.47 (s, 3 H), 1.36
(10.2 g, 98%) as a colorless oila]p?® +7.2° (c 1.0, hexanes)H (s, 3 H), 0.99 (dJ = 7.3 Hz, 3 H); IR (neat) 1640, 1620, 1460 cin

NMR (300 MHz, CDC}) 6 6.0-5.8 (m, 1 H), 5.2-5.0 (m, 2 H) 3.9- gg’v'gszg‘?:" ﬁ”f)l Ca(':col' fgerOHlsBrBzoé(M;_3§:?gz i2i97zfl';°“”g,
3.7 (m, 2 H), 3.6-3.5 (M, 1 H), 3.53.4 (M, 1 H), 2.6-2.5 (m, 1 H), .9277. Anal. Calcd for GH1eBr,0; C, 38.85; H, 4.74. Found:

1.08 (d,J = 6.0 Hz, 3 H), 0.91 (s, 9 H), 0.09 (s, 6 H); IR (neat) 3440, © 38.86; H, 4.65. _ _
1640 cn®; HRMS (CI, NHy) caled for GaHag0sSi (M* + 1), 261.1886, (3S,4R,5R)-1,1-D|_br0mo-3,4-p-lsopropylldene)-5-methylhept—l—
found 261.1877. The antipode 8# is a known compouné- en-ﬁ;loge (25)|).A n:jlx(;_ubre of Zd%?g 5n;g, 04455 mmcl))l)_, CS'E/IIIF(E‘.;zO
. o AL . A = mg, 4.5 mmol), and dibromodie .53 g, 4.5 mmol) in
em(ez?é%?fg é !-lg darosxglluzti,osn(C;f|sdci)5r;4p)(lll|gezne) gsr%eﬁﬁgf)xai d mL) and HO (3 mL) was stirred under an@tmosphere for 24 h.
S < 9, 38, The mixture was then poured into water (100 mL) and extracted with
pyridinium p-toluenesulfonate (0.989, 3.9 mmol) in &lz.(loo mL) . EtO (3 x 25 mL). The ethereal extracts were washed with brine
azssa?iﬂeg 2-%§hroe)gcptirgr?er:iextgr':4w2;'aTIZ.\Z/erc?Tc??/v:rr?]nteo pr(:)r(t)lrcr)]n solution, dried (Ng&SQy), filtered and concentrated in vacuo. Purifica-
yringe. : . - tion of the crude product by flash chromatography [silica gek 35
temperature and stirred for 2 h, then it was poured into saturated

. cm, gradient elution: 5% ED in hexanes (200 mL); 10% £ in
NaHCQ; (100 mL). The aqueous layer was extracted with,Chl (2 . 1m0 . . ono .
x 50 mL) and the combined organic layers were dried with MgSO hexanes (200 mL); 15% D in hexanes (200 mL); 20% £ in

. o H 1
filtered and concentrated to afford the intermediate acetonide which ;eéﬁnlese%g&;n(li)bzhge “65‘%". ngEl((l)n?)hg?(fl Eeeia(r?gsc,)- gl)_.)allr\cl)'\\;:ged
was directly dissolved in THF (40 mL) and treated with tetra- (400{/“_'2 cDCh) é 64é (d.J - 10 Hz iH) 4.76 (de'z 93 55

butylammonium fluoride (38.8 mL, 1.0 M solution in THF, 38.8 mmol) Hz, 1 H), 4.26 (ddJ = 10.6, 5.5 Hz, 1 H), 2.742.65 (m, 1 H), 2.24
at room temperature. After this mixture was stirred for 2 h, the solvent (s 3 H) 134 (s, 3H), 1 02 ’(d.= 71Hz 3 H')' IR.(neat)’1722’ 1615

was removedn vacuoand the residue was purified by flash chroma- 1457 cnrl; HRMS (CI, CHy) calcd for GoH1503Br2, 342.9192, found
tography [silica gel, 5x 15 cm, gradient elution: hexanes (0.5 L); 345 9005’ ' ' ’ '
20% ethyl acetate/hexanes (0.5 L); 30% ethyl acetate/hexanes (1 L)] ! ' . .

o . - (2R,3S,4R)-2-[(tert-Butyldiphenylsilyl)oxy]-4-methylhex-5-en-3-
to afford alcohoB5 (6.92 g, 96%) as a colorless oil. Data for acetonide ol (39). Crotylboronate RR)-38 (37 mL of a 0.90 M solution in

intermediate: §]p>® +12.5 (c 1.4, hexanes)!H NMR (400 MHz, ) . .
CDCl) 6 5.91 (ddd,J = 17.0, 10.0, 7.0 Hz, 1 H), 5.09 (d,= 17.0 toluene, 33 mmoff was diluted with toluene (50 mL) and treated with

_ _ powdered 4-A molecular sieves (10 g, Aldrich) at room temperature
SS é?ﬁi.ofé;us 7;?&%12’1%HS)’7452:Z'11(T_|’)13H5);1%8d?id% 5 for 30 min. This dispersion was then cooled+d8 °C. A solution
5:O’H2 1 |_’|) 2.é2:5 (m, 1 H) 133 .(s 3 ’H) 1"41' (s, 3 H) 1.0-8’(d _of (2R)-2-(tert—butyldiphenylsiIonxy)prop_mnalf{_?)45 (7.0 g, 22.4 mmol) _
3= 7'6 Hz 3 H), 0.90 (é 9 H’) 007 (js 6 H’)' R (néat) 16’40 1476 in toluene (10 mL) was then added via syringe pump over a 30 min

f iod. The reaction mixture was stirred for an additional 1.5 h at
1460 cn®; HRMS (CI, NH) caled for GHasOsSi (M* + 1), 301.2200, PN reac _
found 301.2205. (Anal.l-b():alcd forlgjgzg%i: E: 63.923' H 10.73. —78°C at which tinre 1 M NaOH (135 mL) was added. The resulting

: . mixture was then stirred at room temperature for 3 h. The organic
Found: C, 63.98; H, 10.43. phase was separated and the aqueous layer was extracted with diethyl
Data for 35: [a]o?® —47.1° (¢ 0.6, hexanes}H NMR (400 MHz, ether (3x 50 mL). The combined organic layers were washed with

CDCly) 6 5.88 (ddd,J = 17.5, 10.2, 7.3 Hz, 1 H), 5.10 (d,= 17.2 saturated NaHC©(50 mL) and brine (50 mL), dried over MgSQ
Hz, 1 H), 5.07 (dJ = 11.0 Hz, 1 H), 4.16 (apparent ddi= 12.4, 5.5 filtered and concentrated. Filtration of the crude product through a 5
Hz, 1 H), 3.94 (dd) = 9.5, 5.5 Hz, 1 H), 3.73.6 (m, 2 H), 2.4-2.3 cm plug of silica gel with 5% ethyl acetate/hexanes afforded alcohol
(m, 1 H), 1.37 (s, 3 H), 1.48 (s, 3 H), 1.04 @= 6.7 Hz, 3 H); IR 39(8.13 g, 98%) as a colorless oilop?® +31.1° (¢ 0.5, hexanes)H
(neat) 3460, 1640, 1460 crh) HRMS calcd for GoH140s, 186.1256, NMR (300 MHz, CDC}) 6 7.7—7.6 (m, 4 H), 7.5-7.3 (m, 6 H), 5.4
found 186.1243. Anal. Calcd for 1g¢H1803: C, 64.53; H, 9.77. 5.2 (m, 1 H), 5.6-4.8 (m, 2 H), 3.9-3.8 (m, 1 H), 3.30 (ddJ = 8.6,
Found: C, 64.45; H, 9.87. 3.4 Hz, 1 H),2.22.1 (m, 1 H), 1.07 (s, 9 H), 1.04 (d,= 5.2 Hz, 3
(3S,4R,5R)-1,1-Dibromo-3,4-0-isopropylidene)-5-methylhept-1,6- H), 1.01 (d,J = 4.9 Hz, 3 H); IR (neat) 3580, 3480, 1640, 1590, 1470,
diene (36). Oxalyl chloride (1.03 mL, 11.8 mmol) was dissolved in 1460 cnm; HRMS (ClI, NH) calcd for GsH330.Si (M™), 369.2251,
CH,Cl, (16 mL) and cooled te-78°C. Dimethylsulfoxide (1.68 mL, found 369.2256. Anal. Calcd for H3.0,Si: C, 74.95; H, 8.75.
23.6 mmol) was added and the resulting mixture was stirree &g Found: C, 74.8; H, 8.65.
°C for 2 min at which time a solution of alcoh8b (2.0 g, 11 mmol) Ethyl (E)-(4R,5S,6R)-6-[(tert-Butyldiphenylsilyl)oxy]-2,4-dimethyl-
in CH,Cl2 (10 mL) was added via cannula. The solution was stirred 5-[(triethylsilyl)oxy]hept-2-enoate (40). A —78 °C solution of
for 15 min; triethylamine (7.48 mL, 53.7 mmol) was added and the homoallylic alcohol39 (2.29 g, 6.22 mmol) in CkCl, (15 mL) was
mixture was allowed to warm to room temperature over 1 h. The treated with a stream of £n O, until the solution turned blue; argon
reaction mixture was poured into water (20 mL) and the aqueous phasewas then bubbled through the solution until the color disappeared. The
was extracted with CKCl, (3 x 20 mL). The combined organic layers  resulting solution was treated with triphenylphosphine (3.26 g, 12.4
were washed wit 1 M sodium thiosulfate (20 mL) and brine (20 mL),  mmol), warmed to room temperature and stirred for 2 h. Removal of
dried (MgSQ), filtered and concentrated. The resulting residue was the solvent gave the aldehyde which was immediately dissolved s CH
filtered through a plug of silica gel with 20% ethyl acetate/hexanes. Cl, (15 mL) and transferred to a tube equipped with a screw cap seal.
Concentration of the eluant afforded the intermediate aldehyde that wasEthyl 2-(triphenylphosphoranylidene)propionate (4.53 g, 12.4 mmol)
used in the following experiment without any further purification. was added, the tube was flushed with argon, sealed and heated in an
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oil bath at 50°C for 26 h. The mixture was then triturated with hexanes,
filtered through Celite and concentratgdvacua Purification of the
crude product by flash chromatography [silica gek 85 cm, gradient
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reaction mixture was then allowed to warm to room temperature and
DMAP (100 mg, 0.82 mmol) was added. After the solution was stirred
for 30 min at ambient temperature, DBU (62%, 4.2 mmol) was

elution: 5% ethyl acetate/hexanes (1 L); 15% ethyl acetate/hexanes (1ladded. The mixture was stirred for an additional 30 min, then it was
L)] provided the intermediate hydroxy enoate (2.3 g, 82%) as a colorless diluted with ether and poured into brine. The aqueous layer was

oil: [o]p® —5.4° (c 0.8, CHC}); *H NMR (400 MHz, CDC}) 6 7.7—
7.6 (M, 4 H), 7.5-7.3 (m, 6 H), 6.23 (dd) = 10.2, 1.4 Hz, 1 H), 4.14
(q,3= 7.2 Hz, 2 H), 3.8-3.7 (m, 1 H), 3.38 (ddJ = 9.0, 3.0 Hz, 1
H), 2.5-2.4 (m, 1 H), 1.75 (dJ = 1.4 Hz, 3 H), 1.26 (tJ = 7.2 Hz,
3 H), 1.07 (s, 9 H), 1.02 (d) = 6.8 Hz, 3 H), 0.97 (dJ = 6.4 Hz, 3
H); IR (neat) 3510, 1710 cm; HRMS (CI, NHs) calcd for GHzgO4-
Si (M1), 454.2540, found 454.2501.

To a solution of the hydroxy enoate (5.57 g, 12.2 mmol) in,CH
(30 mL) at —78 °C was added 2,4-lutidine (2.84 mL, 24.5 mmol)
followed by triethylsilyl trifluoromethanesulfonate (4.16 mL, 18.4
mmol). The resulting solution was stirred -a#8 °C for 15 min and
at 0°C for 10 min at which time it was quenched with water (5 mL).

separated and extracted with ether. The combined organic extracts were
washed with 0.5 N HCI, brine, and dried over J8&. Removal of
the solvenin vacuogave an oily residue, which was purified by silica
gel chromatography (10% ether-hexanes) to give died@{d02 mg,
61%): [0]p?°+71.9 (c = 1.01, CHCH); 'H NMR (400 MHz, CDC})

8 7.65-7.60 (m, 4 H), 7.457.30 (m, 6 H), 7.07 (dJ = 15.6 Hz, 1
H), 6.54 (d,J = 9.2 Hz, 1 H), 6.09 (dJ = 15.6 Hz, 1 H), 5.45 (dJ
=10.0 Hz, 1 H), 4.80 (ddJ = 9.2, 5.2 Hz, 1 H), 4.48 (dd] = 10.2,
5.2 Hz, 1 H), 3.63 (dgJ = 6.4, 2.2 Hz, 1 H), 3.51 (dd] = 7.4, 2.2
Hz, 1 H), 2.93 (dgJ = 10.2, 6.4 Hz, 1 H), 2.642.50 (m, 1 H), 1.62
(s, 3 H), 1.44 (s, 3 H), 1.36 (s, 3 H), 1.09 @#= 6.4 Hz, 3 H), 1.06
(s, 9 H), 0.99 (tJ= 7.6 Hz, 9 H), 0.98 (dJ = 6.4 Hz, 3 H), 0.91 (d,

The solution was then poured into water (20 mL) and the aqueous phase) = 6.4 Hz, 3 H), 0.74-0.66 (q,J = 7.6 Hz, 6 H); IR (CHCJ) 1680,

was extracted with CKCl, (3 x 25 mL). The combined organic layers
were washed with water (20 mL), dried (MggQ filtered and
concentrated in vacuo. Purification of the crude product by flash
chromatography (silica gel, % 15 cm, 5% ethyl acetate/hexanes) gave
enoated0 (6.95 g, 99%): §]p*® —8.1° (c 1.0, hexanes}H NMR (400
MHz, CDCk) 6 7.7-7.6 (m, 4 H), 7.5-7.3 (m, 6 H), 6.54 (dd) =
10.4, 1.2 Hz, 1 H), 4.34.3 (m, 2 H), 3.65-3.75 (m, 1 H), 3.56 (dd,
J=6.4,6.0Hz, 1 H), 272.6 (m, 1 H), 1.71 (dJ = 1.2 Hz, 3 H),
1.28 (t,J = 7.2 Hz, 3 H), 1.06 (s, 9 H), 1:00.9 (m, 15 H), 0.67 (q,

J = 8.0 Hz, 4 H), 0.52 (qJ = 8.0 Hz, 2 H); IR (neat) 1720, 1650,
1460 cn1!; HRMS (CI, NH) calcd for GaHs04Si, (M™), 568.3390,
found 568.3396. Anal. Calcd fors@Hs,04Sk: C, 69.74; H, 9.24.
Found: C, 69.45; H, 9.41.

(E)-(4R,5S,6R)-6-[(tert-Butyldiphenylsilyl)oxy]-2,4-dimethyl-5-
[(triethylsilyl)oxy]hept-2-enal (26). To a—78 °C solution of enoate
40 (1.0 g, 1.8 mmol) in CKCI, (10 mL) was added DIBAL-H (4.4
mL, 1 M in THF, 4.4 mmol). The mixture was stirred a{78 °C for
3 h, then was allowed to warm to ambient temperature. The solution
was then diluted with MeOH (1 mL), aqueous Rochelle’s salt solution
(50 mL) and E£O (50 mL). The aqueous phase was separated and
extracted with additional ED (2 x 25 mL). The combined extracts
were dried (NaSQy), filtered and concentrated in vacuo. Purification
of the crude product by flash chromatography (30 mm silica gel column)
using a gradient of 5%30% EtO in hexanes provided the corre-
sponding allylic alcohol (808 mg, 84%):a]*% —31.6 (c = 1.00,
CHCls); *H NMR (400 MHz, CDC}) 6 7.66-7.65 (m, 4 H), 7.45
7.43 (m, 2 H), 7.437.41 (m, 4 H), 4.92 (ddJ = 10.2, 0.8 Hz, 1 H),
3.74-3.70 (m, 3 H), 3.51 (ddJ = 8.2, 2.2 Hz, 1 H), 2.352.30 (m,
1H), 1.45 (dJ= 1.2 Hz, 3 H), 1.06 (s, 9 H), 0.99 (= 7.9 Hz, 9
H), 0.93 (d, 6.2 Hz, 3 H), 0.89 (d, 6.5 Hz, 3 H), 0:76.68 (m, 6 H);

IR (neat) 3070, 1430, 1260 cth HRMS for GsiHs¢OsSi, (M) calcd
526.3298, found 526.3339. Anal. Calcd fog:8500sSi>: C, 70.67;
H, 9.56. Found: C, 70.63; H, 9.28.

A solution of the above allylic alcohol (436 mg, 0.83 mmol) in £H
Cl, (3 mL) was treated with MngX(1.43 g, 16.5 mmol; added in small
portions over 1 h). The mixture was stirred at ambient temperature
for 48 h, then was filtered through Celite (8 20 mL of CHCI,).
Concentration of the filtratén vacug and purification of the crude
product by flash chromatography (silica gel, 5:1 hexarf&Ac)
provided o, f-unsaturated aldehyd26 (407 mg, 94%): R: 0.7 (5:1
hexanes-EtOAC);d]p?? —19.8 (c 1.08, CHC}); *H NMR (CDCl) 6
9.15 (s, 1 H), 7.657.60 (m, 4 H), 7.457.30 (m, 6 H), 5.98 (dd] =
10.4, 1.2 Hz, 1 H), 3.563.60 (m, 2 H), 2.86-2.65 (m, 1 H), 1.58 (d,
J=1.2 Hz, 3 H), 1.06 (s, 9 H), 0.951.05 (m, 15 H), 0.750.65 (m,

6 H); IR (CHCE) 3020, 2880, 1685, 1640 crh HRMS calcd for
Cy7H3905Si; (M* — 'Bu), 467.2437, found 467.2423. Anal. Calcd for
C31Has05Si: C,70.94; H, 9.22. Found: C, 70.80; H, 9.37.

(5E,7E)-(2R,35,4R,10S,11R,125)-14,14-Dibromo-2-[tert-butyl-
diphenylsilyl)oxy]-11,12-O-isopropylidene)-4,6,10-trimethyl-3-[(tri-
ethylsilyl)oxy]tetradec-5,7,13-trien-9-one (42).A 1 M THF solution
of LIN(TMS); (1.0 mL, 1.0 mmol) was added to-a78 °C solution of
methyl ketone25 (300 mg, 0.84 mmol) in THF (7 mL). The solution
was stirred for 15 min at-78 °C, then a solution of end6 (402 mg,
0.77 mmol) in THF (2 mL) was added. The mixture was stirred for
15 min at—78 °C before addition of AgO (160uL, 1.7 mmol). The

1660, 1620, 1590, 1460 ch HRMS calcd for GgHszOsBr;Si, (M*
— 'Bu), 805.1758, found 805.1751. Anal. Calcd farlds,OsBr,Si;:
C, 58.46; H, 7.24. Found: C, 58.20; H, 7.38.

Benzyl (4E,6Z,12E,14E)-(8S,9R,10S,16R,17S,18R)-6-Bromo-18-
[(tert-butyldiphenylsilyl)oxy]-8,9-(O-isopropylidene)-17-[(triethylsi-
lyl)oxy]-10,14,16-trimethylnonadec-4,6,12,14-tetraen-11-onoate (43).
An aqueous solution of TIOH (1.0 mL, 0.52 M, 0.52 mmol) was added
to a solution of dibromidd?2 (382 mg, 0.44 mmol), vinyl boronic acid
24 (165 mg, 0.71 mmol), Pgdba) (60 mg, 0.066 mmol) and BRA
(200 mg, 0.76 mmol) in THF (30 mL). After being stirredrfd h at
room temperature, the mixture was diluted with ether and filtered
through Celite. Removal of the solvent in vacuo gave an oily residue,
which was purified by silica gel chromatography (20% ether-hexanes
as eluent) to afford tetraed® (318 mg, 74%): §]p?° +84.6" (c 1.02,
CHCl3); *H NMR (400 MHz, CDC}) ¢ 7.65-7.60 (m, 4 H), 7.56-
7.30 (m, 11 H), 7.07 (d) = 15.6 Hz, 1 H), 6.256.15 (m, 2 H), 6.10
(d,J=15.6 Hz, 1 H), 5.95 (d) = 9.4 Hz, 1 H), 5.43 (dJ = 10.4 Hz,
1H),5.15 (s, 2 H), 5.14 (dd} = 9.4, 5.2 Hz, 1 H), 4.49 (ddl = 10.2,

5.2 Hz, 1 H), 3.64 (dgJ) = 6.4, 2.8 Hz, 1 H), 3.51 (dd] = 8.0, 2.8
Hz, 1 H), 2.94 (dgJ = 10.2, 6.4 Hz, 1 H), 2.662.50 (m, 5 H), 1.62
(s, 3H), 1.45 (s, 3H), 1.38 (s, 3H), 1.07 (s, 9 H), 1.05)ek 6.4 Hz,
3 H), 1.00 (t,J = 8.0 Hz, 9 H), 0.98 (dJ = 6.4 Hz, 3 H), 0.91 (dJ

= 6.4 Hz, 3 H), 0.69 (g, = 8.0 Hz, 6 H); IR (CHC}) 1735, 1680,
1655, 1540, 1460 cm; HRMS calcd for GiHgoOsSizBr (M* —

CsHe0,), 896.3866, found 896.3846. Anal. Calcd foks87:07-

BrSi: C, 66.71; H, 7.78. Found: C, 66.46; H, 8.00.

(4E,6Z,12E,14E)-(8S,9R,10S,16R,17S,18R)-6-Bromo-18-[tert-bu-
tyldiphenylsilyl)oxy]-17-hydroxy-8,9-(O-isopropylidene)-10,14,16-
trimethylnonadec-4,6,12,14-tetraen-11-onoic Acid (44)A solution
of 43 (280 mg, 0.29 mmol) and LiOH (14 mg, 0.58 mmol) in DME (4
mL) and water (1 mL) was stirred f& h atroom temperature. The
reaction mixture was acidified with 0.5 N HCI, diluted with ether and
poured into brine. The aqueous layer was separated and extracted with
ether. The combined organic layers were washed with brine and dried
over NaSQs. Removal of the solverih vacuogave an oily residue,
which was purified by silica gel chromatography (80% eth@gxanes
as eluent) to afford the carboxylic acid (177 mg, 70%]of° +93.3
(c 0.97, CHC); 'H NMR (400 MHz, CDC}) 6 7.65-7.60 (m, 4 H),
7.50-7.30 (m, 6 H), 7.06 (dJ = 15.4 Hz, 1 H), 6.256.15 (m, 2 H),
6.09 (d,J=15.4 Hz, 1 H), 5.96 (dJ = 9.4 Hz, 1 H), 5.42 (dJ =10.0
Hz, 1 H), 5.15 (dd) = 9.4, 5.4 Hz, 1 H), 4.48 (dd] = 10.2, 5.4 Hz,

1 H), 3.63 (dgJ = 6.6, 2.8 Hz, 1 H), 3.50 (dd] = 7.6, 2.8 Hz, 1 H),
2.89 (dg,J = 10.2, 6.6 Hz, 1 H), 2.622.50 (m, 5 H), 1.61 (s, 3 H),
1.44 (s, 3 H), 1.37 (s, 3 H), 1.05 (s, 9 H), 1.04 {d= 6.6 Hz, 3 H),

0.98 (t,J = 7.8 Hz, 9 H), 0.97 (dJ = 6.6 Hz, 3 H), 0.90 (d) = 6.6

Hz, 3 H), 0.69 (qJ = 7.8 Hz, 6 H); IR (CHCJ) 3500, 1715, 1680,
1655, 1590 cmt. Anal. Calcd for GHegdO/BrSi: C, 63.99; H, 7.88.
Found: C, 64.07; H, 7.97.

A mixture of the above carboxylic acid (158 mg, 0.18 mmol) and
1M ag. HF (36QuL, 0.36 mmol) in acetonitrile (10 mL) was stirred in
an ice bath for 5 h. The reaction mixture was diluted with ether and
poured into brine. The aqueous layer was separated and extracted with
ether. The combined organic layers were washed with brine, dried
over NaSQ,, filtered, and concentratad vacua The crude product
was purified by silica gel chromatography (ether as eluent) to afford
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seco acidt4 (124 mg, 90%): §]p*°+79.6° (c 1.04, CHC}); 'H NMR
(400 MHz, CDC}) ¢ 7.60-7.65 (m, 4 H), 7.457.30 (m, 6 H), 7.00
(d,J = 15.6 Hz, 1 H), 6.256.15 (m, 2 H), 6.10 (dJ = 15.6 Hz, 1
H), 5.95 (d,J = 9.4 Hz, 1 H), 5.16 (dJ = 11.6 Hz, 1 H), 5.13 (dd=
9.4, 5.2 Hz, 1 H), 4.46 (dd] = 10.2, 5.2 Hz, 1 H), 3.69 (ddl = 6.4,
2.8 Hz, 1 H), 3.28 (ddJ = 8.8, 2.8 Hz, 1 H), 2.85 (dq] = 10.2, 6.4
Hz, 1 H), 2.62-2.40 (m, 5 H), 1.68 (s, 3 H), 1.43 (s, 3 H), 1.36 (s, 3
H), 1.08 (s, 9 H), 1.02 (d) = 6.4 Hz, 3 H), 1.00 (dJ = 6.4 Hz, 3 H),
0.97 (d,J = 6.4 Hz, 3 H); IR (CHC}) 3500, 1715, 1680, 1655, 1625,
1595 cnr!; HRMS calcd for GiH460/BrSi (Mt — 'Bu) 709.2196, found
709.2215. Anal. Calcd for £HssO/BrSi: C, 64.13; H, 7.22.
Found: C, 63.91; H, 7.11.

Transannular Diels—Alder Reaction of 22 via Macrolactonization
of 44: [1E,3R,4S(R),8aR,10aR,11S512R,135%,14R,14e5,140R]-3,4,7,8,-
8a,10a,11,12,13,14a,14b-Undecahydro-10-bromo-4-[1-[(1,1-dimeth-
ylethyl)diphenylsilylJoxyethyl]-11,12-(O-isopropylidene)-1,3,13-tri-
methylnaphth[2,1-€loxecin-6(7),14-dione (45) and [E,3R,4S(R),-
8aR,10aR,11S,12R,13R*,14R,14&S,14bR]-3,4,7,8,8a,10a,11,12,13,-
14a,14b-Undecahydro-10-bromo-4-[1-[(1,1-dimethylethyl)diphenyl-
silylloxyethyl]-11,12-(O-isopropylidene)-1,3,13-trimethylnaphth[2,1-
eloxecin-6(M),14-dione (46). A mixture of seco acid4 (50 mg, 0.065
mmol), trichlorobenzoyl chloride (338L, 0.21 mmol) and triethylamine
(63 uL, 0.45 mmol) in THF (1.0 mL) was stirred fa3 h atroom
temperature. The solvent was remowedacuq and the residue was
dissolved in toluene (20 mL). This solution was added over 15 h to a
100 °C solution of DMAP (50 mg, 0.41 mmol) in toluene (20 mL).
The mixture was stirred for an additional 5 h, then was diluted with
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hexanes), affording6 (2.0 mg, 5%)45 (12.4 mg, 32%), and macrolide
22 (14.8 mg, 38%): §]p?* +65.1° (c 1.00, CHC}); *H NMR (400
MHz, CDCL) 6 7.70-7.760 (m, 4 H), 7.56-7.35 (m, 6 H), 6.90 (dJ
= 15.8 Hz, 1 H, H-13), 6.20 (d] = 15.8 Hz, 1 H, H-12), 5.956.09
(m, 3 H, H-4, H-5 and H-7), 5.46 (dl = 10.0 Hz, 1 H, H-15), 5.07
(dd,J=8.4,5.4 Hz, 1 H, H-8), 4.98 (dd,= 8.8, 6.4 Hz, 1 H, H-17),
4.39 (dd,J = 7.6, 5.4 Hz, 1 H, H-9), 3.84 (dqg} = 8.8, 6.8 Hz, 1 H,
H-18), 3.38 (quint) = 6.8 Hz, 1 H, H-10), 3.27 (m, 1 H, H-16), 2.20
2.70 (m, 4 H), 1.82 (s, 3 H), 1.51 (s, 3 H), 1.38 (s, 3 H), 1.21)(ek
6.8 Hz, 3 H), 1.06 (s, 9 H), 0.98 (d,= 6.8 Hz, 3 H), 0.86 (dJ = 6.8
Hz, 3 H); IR (CHCE) 2980, 2940, 2860, 1735, 1665, 1630, 1460, 1430,
1375, 1160, 1110, 1075, 1035, 910 TMHRMS for Gs7H4406BrSi
(M* — 'Bu), calcd 691.2092, found 691.2090.

Transannular Diels—Alder Reaction of 22. A solution 0f22(13.0
mg) in toluene was heated at 100 for 20 h. Removal of the solvent
in vacuo gave an oily residue, which was purified by silica gel
chromatography(25% ethehexanes as eluent) to affodd (11.1 mg,
85%) as the only observed product.

Intramolecular Diels—Alder Reaction of Seco Ester 43: [8,*-
(I'E,3R4S5R)-2R,48R,55,6R, 7S,8aR*]-1,2,4a,5,6,7,8a-Heptahydro-
2-(3'-benzyloxycabonylprop-1'-yl)-4-bromo-1-[5-[(1,1-dimethylethyl)-
diphenylsilylJoxy-4'-(triethylsilyl)oxy-1',3-dimethyl-1'-hexenyl]-6,7-
(O-isopropylidene)-naphthalen-8-one (47) and R*(1'E,3R,4'S,5R)-
2R,4aR,55,6R,7S,8a5%-1,2,44a,5,6,7,8a-Heptahydro-2-(3-benzyl-
oxycabonylprop-1'-yl)-4-bromo-1-[5'-[(1,1-dimethylethyl)diphenyl-
silylJoxy-4'-(triethylsilyl)oxy-1',3-dimethyl-1'-hexenyl]-6,7-O-iso-

ether and poured into brine. The aqueous layer was separated angropylidene)naphthalen-8-one (48). A solution of 43 (10.0 mg) in

extracted with ether. The combined organic layers were washed with
0.5 N HCI and brine, and dried over p&0,. Removal of the solvent
in vacuo gave an oily residue, which was purified by silica gel
chromatography (20% ethehexanes as eluent) to affodd (6.5 mg,
13%). Further elution with 25% ethehexanes afforded the desired
transannular cycloaddudb (32.0 mg, 66%).

Data for 45: R 0.4 (2:1 hexanesether); p]p* +41.6° (c 0.99,
CHCL); *H NMR (400 MHz, benzenek) 6 7.65-7.85 (m, 4 H), 7.25
7.15 (m, 6 H), 5.72 (dJ = 3.4 Hz, 1 H, H-5), 5.35 (tJ = 6.8 Hz, 1
H, H-17), 4.97 (dJ = 6.8 Hz, 1 H, H-15), 4.13 (dd] = 8.2, 4.8 Hz,
1 H, H-8), 4.07 (quintJ = 6.8 Hz, 1 H, H-18), 3.95 (1) = 4.8 Hz, 1
H, H-9), 3.10 (sextet) = 6.8 Hz, 1 H, H-16), 2.85 (dd] = 8.2, 4.8
Hz, 1 H, H-7), 2.65 (ddJ = 11.6, 4.8 Hz, 1 H, H-12), 2.47 (dd,=
6.8, 4.8 Hz, 1 H, H-10), 2.04 (ddd,= 11.6, 5.2, 3.4 Hz, 1 H, H-4),
1.98 (t,J = 11.6 Hz, 1 H, H-13), 1.90 (m, 2 H, H-2), 1.84 (m, 2 H,
H-3), 1.67 (s, 3 H), 1.43 (s, 3 H), 1.22 (d= 6.8 Hz, 3 H), 1.21 (s,
3 H), 1.20 (d,J = 6.8 Hz, 3 H), 1.13 (s, 9 H), 1.04 (d,= 6.8 Hz, 3
H); nOe experiments in benzexg- irradiation at H-10 caused a 4.6%
enhancement of H-9 and a 3.7% enhancement of H-13; irradiation at
H-12 resulted in a 4.9% enhancement of H-7; IR (CHGD20, 2930,

2860, 1720, 1445, 1425, 1380, 1370, 1135, 1110, 1065, 995, 955, 860,

820 cmY; HRMS for Ge7H4406BrSi (M — 'Bu), calcd 693.2070, found
693.2109. Anal. Calcd for £Hs30sBrSi: C, 65.67; H, 7.12.
Found: C, 65.66; H 7.34.

Data for 46: R 0.5 (2:1 hexanesether); p]p?® —30.8 (c 0.51
CHCl); 'H NMR (400 MHz, benzenek) 6 7.85-7.65 (m, 4 H), 7.25
7.15 (m, 6 H), 5.77 (dJ = 3.4 Hz, 1 H, H-5), 5.42 (1) = 6.6 Hz, 1
H, H-17), 4.82 (dJ = 6.6 Hz, 1 H, H-15), 4.20 (dd] = 8.8, 6.8 Hz,

1 H, H-8), 4.90 (quint) = 6.6 Hz, 1 H, H-18), 3.65 (dd] = 10.4, 6.8

Hz, 1 H, H-9), 3.23 (sextet] = 6.6 Hz, 1 H, H-16), 2.78 (dd] = 8.8,

5.2 Hz, 1 H, H-7), 2.22 (dd) = 12.8, 5.2 Hz, 1 H, H-12), 2.17 (dq,
J=10.4, 6.6 Hz, 1 H, H-10), 2.02 (ddd,= 12.8, 5.2, 3.4 Hz, 1 H,
H-4), 2.0-1.60 (m, 5 H, H-13, H-2, H-3), 1.85 (s, 3 H), 1.49 (s, 3 H),
1.23 (d,J = 6.6 Hz, 3 H), 1.21 (s, 3 H), 1.20 (d,= 6.6 Hz, 3 H),
1.15(s, 9 H), 1.02 (d) = 6.6 Hz, 3 H); IR (CHC}) 2960, 2930, 2850,
1720, 1455, 1425, 1375, 1260, 1250, 1165, 1105, 1070, 1050, 980,
950, 870, 830, 710 cm; HRMS for Gs7H4406BrSi (M* — Bu), calcd
693.2070, found 693.2059.

Synthesis of [%,7Z,13E,15E,95,10R,11S,17R,185(R)]-7-Bromo-
18-[1-[(1,1-dimethylethyl)diphenylsilylJoxyethyl]-9,10-O-isoprope-
nyl)-11,15,17-trimethyloxacyclooctadec-5,7,13,15-tetraen-2,12-di-
one (Macrolide 22). The macrolactonization ofi4 (40 mg) was

performed as described in the preceding experiment, with the exception

that the reaction temperature was ®@rather than 100C. The crude
product was purified by silica gel chromatography {30% ether-

toluene (10 mL) was heated at 120 for 24 h. Removal of the solvent
in vacuo gave an oily residue, which was purified by silica gel
chromatography. Elution of the column with 10% ethbexanes
afforded 48 (2.7 mg, 27%), and elution with 12% ethenexanes
afforded47 (5.6 mg, 56%).

Data for 47: [a]p®® +29.3 (c 0 .92, CHC}); *H NMR (400 MHz,
benzeneds) 6 7.85-7.80 (m, 4 H), 7.257.15 (m, 11 H), 6.21 (dd]
=5.2,1.8Hz, 1 H, H-5), 5.02 (dl = 12.4 Hz, 1 H, benzyl), 4.98 (d,
J=12.4 Hz, 1 H, benzyl), 4.56 (d,= 9.2 Hz, 1 H, H-15), 4.23 (t)
= 5.0 Hz, 1 H, H-9), 4.18 (dd) = 9.6, 5.0 Hz, 1 H, H-8), 4.09 (dq,
J=6.4, 2.2 Hz, 1 H, H-18), 3.67 (dd, = 7.2, 2.2 Hz, 1 H, H-17),
2.69 (ddtJ = 12.0, 9.6, 1.8 Hz, 1 H, H-7), 2.58 (m, 1 H, H-16), 2.32
(t, J=12.0 Hz, 1 H, H-12), 2.361.85 (m, 7 H, H-4, H-2, H-3, H-10
and H-13), 1.43 (s, 3 H), 1.36 (s, 3 H), 1.30 (s, 3 H), 1.24])(¢; 6.4
Hz, 3 H), 1.22 (dJ = 6.4 Hz, 3 H), 1.21 (s, 9 H), 1.10 @,= 7.6 Hz,
9H),1.04 (dJ=6.4Hz, 3 H),0.83(q)=7.6 Hz, 6 H); IR (CHC}))
1735, 1575, 1455 cm; HRMS for GsoHgsO/BrSi; (M* — 'Bu), calcd
915.3215, found 915.3526.

Data for 48: [a]p?® +31.2 (c 0.42, CHC}); *H NMR (400 MHz,
benzeneds) 6 7.85-7.80 (m, 4 H), 7.257.15 (m, 11 H), 6.01 (dd]
=3.2,0.8 Hz, 1 H, H-5), 5.01 (dl = 12.4 Hz, 1 H, benzyl), 4.97 (d,
J=12.4 Hz, 1 H, benzyl), 4.72 (d,= 9.2 Hz, 1 H, H-15), 4.54 (dd,
J=7.2,52Hz, 1H, H-8), 421 ( = 5.2 Hz, 1 H, H-9), 3.98 (dq,
J=6.4, 2.8 Hz, 1 H, H-18), 3.64 (dd, = 7.2, 2.8 Hz, 1 H, H-17),
2.99 (dd,J=7.2,5.2 Hz, 1 H, H-7), 2.62 (dd] = 6.4, 5.2 Hz, 1 H,
H-10), 2.58 (ddJ = 9.6, 5.2 Hz, 1 H, H-12), 2.55 (ddd,= 9.6, 7.2,
3.2 Hz, 1 H, H-4), 2.18 (t) = 9.6 Hz, 1 H, H-13), 2.151.80 (m, 5
H, H-2, H-3 and H-10), 1.43 (s, 3 H), 1.36 (s, 6 H, 2 Me’s), 1.25 (d,
J=6.4 Hz, 3 H), 1.22 (dJ = 6.4 Hz, 3 H), 1.19 (s, 9 H), 1.09 (§,
= 7.6 Hz, 9 H), 0.92 (dJ = 6.4 Hz, 3 H), 0.81 (9) = 7.6 Hz, 6 H);
IR (CHCl3) 1720, 1455 cmt; HRMS for GsoHegeO7BrSi; (M — 'Bu),
calcd 915.3215; found 915.3468.
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