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Finally, phosphine oxide 2 was tested in a triene-forming 
reaction. For this purpose, alcohol 2130 was converted to 
aldehyde 24, which served as a truncated model of 3. 
a-Lithiated phosphine oxide 2 reacted with 24 (THF, -78 
"C) to give an 8:l trans-cis ratio of triene 25 (55%). Also 
isolated were the noneliminated adducts (35%), identified 
by their ability to convert to triene 25 upon resubjection 
to n-BuLi and HMPA. Model compound 25 is stable to 
mild acid and to storage over months, so the triene appears 
to confer no special instability to the molecule.148 In short, 
the successful use of phosphine oxide 2 in a model reaction 
and the ease with which it is made demonstrate ita promise 
as a coupling partner for the C&42 segment of rapamycin 
whose synthesis is described in the following paper. 
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Summary: A concise, modular synthesis of a protected 
C22442 segment of rapamycin is reported including as key 
coupling steps a vinyllithium addition to a Weinreb amide 
(5 + 6 - 24) and a nucleophilic epoxide opening with an 
a-lithio sulfone mediated by BF3.0Eb (4 + 27 - 28). 

In the preceding paper,' a synthesis of a fully protected 
ClO-Cz1 fragment of the antiproliferative agent rapamycin 
1 was described. Herein, we detail a synthesis of a pro- 
tected C22-C42 fragment suitable for coupling to the pre- 
viously described ClO-Cz1 fragment en route to a planned 
total synthesis of rapamycin and related molecules. The 
convergent synthesis of the C22442 segment of rapamycin 
(2) relied on the preparation and subsequent coupling of 
the Weinreb amide 5, the vinyl bromide 6, and the epoxide 
4 (Scheme I). Retrosynthetically, we envisioned obtaining 
the &hydroxy ketone 2 by oxidative desulfonylation of a 
y-hydroxy sulfone resulting from nucleophilic opening of 
the epoxide 4 by the lithiated sulfone derived from phenyl 
sulfone 3. Alkylative coupling of the vinyllithium species 
generated from bromide 6 and the Weinreb amide 5 was 
expected to deliver a precursor to phenyl sulfone 3. 

Preparation of Coupling Partners 4-6. The synthesis 
of the Weinreb amide 5 began by DIBALH half-reduction 
(CH2C12, -90 "C, 2.5 h)2 of the known ester 7 (Scheme IW3 
Direct Wittig olefination (CH2C12, rt, 18 h) of the crude 
aldehyde afforded the a,@-unsaturated ester 8 in 80% yield 
for the two steps. Reduction to the alcohol 9 (DIBALH, 
CH2C12, -78 - 0 "C), protection as its tert-butyldi- 
methylsilyl ether (TBSC1, CH2C12, cat. DMAP, rt, 10 h), 
and debenzylation under dissolving metal conditions (NaO, 

(1 )  Meyer, S. D.; Miwa, T.; Nakatauka, M. Schreiber, S. L. J. Org. 
Chem., preceding paper in this issue. 

(2) For a detailed procedure of a related DIBALH half-reduction see: 
Keck, G. E.; Andrus, M. A.; Romer, D. R. J. Org. Chem. 1991,56,417. 

(3) (a) Roush, W. R.; Palkowitz, A. D.; Ando, K. J. Am. Chem. SOC. 
1990, 112, 6348. (b) The ester 7 wed in this study was prepared by 
benzylation of commercially available (S)-methyl 3-hydroxy-2-methyl- 
propionate (Aldrich): (i) Weasel, H.-P.; Iversen, T.; Bundle, D. R. J.  
Chem. Soc., Perkin Trans. 1 1985,2247. (ii) Widmer, U. Synthesis 1987, 
568. 
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N H ,  -78 "C, 15 min) provided the homoallylic alcohol 10 
in 93 % overall yield. Hydroxyl-directed hydrogenation 
(CH2C12, rt, 5 h) employing 4 wt % of the rhodium catalyst 
described by Evans and co-workers4 gave the desired 1,3- 
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syn-dimethyl product 11 (90% de, vpc). Importantly, this 
hydrogenation was easily performed on a multigram scale 
(45 g) with no deterioration in yield or diastereomeric 
purity. Separation of the minor anti diastereomer was 
readily accomplished after a subsequent aldol reaction. 
Thus, Swern oxidation6 of alcohol 11 and aldol conden- 
=tione of the crude aldehyde with the boron enolate of the 
(8)-phenylalanine-derived oxazolidone7 (Bu2BOTf, i- 
Pr2EtN, toluene, -78 - 0 "C) gave the desired adduct 12 
in 50% overall yield. Transamination8 to the Weinreb 
amide 13 (Me2Al-NMe(OMe), CH2C12, 0 "C - rt, 20 h) 
followed by protection of the secondary alcohol as the 
p-methoxybenzyl ethers gave the key intermediate 5 cor- 
responding to the C,4, segment of rapamycin'O in a form 
suitable for alkylative coupling. The process leading to 
the amide 5 was readily performed on a large scale and 
allowed the preparation of multigram quantities of this 
intermediate. 

(4) The diastereomeric ratio obtained in this study correlates well with 
that previously reported for the racemic material: Evans, D. A.; Mor- 
riesey, M. M.; Dow, R. L. Tetrahedron Lett. 1985,26, 6005. 

(5) Mancuso, A. J.; Swern, D. Synthesis 1981, 165. 
(6) (a) Evans, D. A.; Nelson, J. V.; Vogel, E.; Taber, T. R. J.  Am. 

Chem. SOC. 1981,103, 2127. (b) Evans, D. A.; Bartroli, J.; Shih, T. L. J. 
Am. Chem. SOC. 1981,103,3099. 

(7) The oxazolidone used in this study was prepared by acylation (see 
ref 6b) of the (S)-phenylalanine-derived oxazolidone (Gage, J. R.; Evans, 
D. A. Org. Synth. 1989,68,77) with a-methoxyacetyl chloride (a-meth- 
oryacetic acid, thionyl chloride, reflux, lh). 

(8) Levin, J. I.; Twos, E.; Weinreb, S. M. Synth. Commun. 1982,12, 
1982. 

(9) Nakajima, N.; Horita, K.; Abe, R.; Yonemitau, 0. Tetrahedron 
Lett. 1988, 29, 4139. 

(10) An alternative synthesis of a similar C2.&% segment has been 
recently described Hale, M. R.; Hoveyda, A. H. J. Org. Chem. 1992,57, 
1643. 
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The vinyl bromide coupling partner 6 was prepared in 
six steps from the known ester 14 (Scheme III).3* DI- 
BALH half-reduction2 (CH2C12, -90 "C, 2.5 h) of ester 14 
and direct dibromoolefination" (CH2C12, 0 "C - rt, 2 h) 
of the intermediate aldehyde gave the desired acetylene 
precursor 15 in 90% yield for the two steps. Exposure of 
the dibromoolefin 15 to Corey-Fuchs conditions11 (n-BuLi, 
THF, -78 "C) and quenching of the intermediate acetyl- 
enic anion with methyl iodide (-78 "C - rt) gave the 
propargyl derivative 16 in 95% yield. The efficiency of 
the sequence leading to acetylene 16 allowed for the pro- 
cessing of decagram quantities of this intermediate. De- 
protection (TFA) of the silyl ether of acetylene 16 and 
direct sulfenylatiod2 (Ph3P, Ph2S2, benzene, rt, 10 h) of 
the intermediate, volatile alcohol proceeded smoothly to 
give the phenyl sulfide 17. A hydrozirconation-brom- 
ination13 sequence (Cp2ZrHC1, toluene, rt - 40 "C, 1 h 
then Br2, -78 "C, 30 min) afforded the vinyl bromide 6 in 

Scheme IV details the preparation of the c33-c42 frag- 
ment in six steps from the known alcohol 18.16 Iodination 
and alkylation of the alcohol with the lithiated allylic 
sulfide proceeded in a highly regioselective fashion to give 
the a-substituted allylic thioether 20 (THF, -78 "C).16 
[ 2,3] Sigmatropic rearrangement of the corresponding 
sulfoxide (m-CPBA, CH2C12, 0 "C - rt) and in situ 
cleavage of the sulfenate ester (EhNH, MeOH, rt) afforded 
trans-allylic alcohol 21 in good yield. Sharpless asymmetric 
epoxidation provided epoxy alcohol 22 in 88% yield and 
with high diastereoselectivity." The CS methyl group was 

39% yieid.14 

(11) Corey, E. J.; Fuchs, P. L. Tetrahedron Lett. 1972, 3769. 
(12) (a) Cleary, D. G. Synth. Commun. 1989,737. (b) Nagakawa, I.; 

Hata, T. Tetrahedron Lett. 1976, 1409. 
(13) Hart, D. W.; Blackburn, T. F.; Schwartz, J. J. Am. Chem. SOC. 

1976, 97, 679. 
(14) Compound 6 was accompanied by -13% of a regioisomeric 

product i that was of no consequence since the corresponding vinyllithium 
was unreactive in the subsequent coupling step. An additional byproduct 
formed (-15-20%) was the primary bromide ii. This reaction has not 
been optimized on large scale; however, a small-scale run gave the desired 
vinyl bromide as a single regioisomer ('H-NMR) in -70% yield. 

' :  Br dSPh 
H7JJPh i Me t& il w 

(15) Compound 18 was previously employed in a total synthesis of 
FK506; see: Nakatauka, M.; Ragan, J. A.; Sammakia, T.; Smith, D. B.; 
Uehling, D. E.; Schreiber, S. L. J. Am. Chem. SOC. 1990, 112, 5583. 

(16) Evans, D. A,; Andrews, G. C. Acc. Chem. Res. 1974, 7, 147. 
(17) Finn, M. G.; Sharpleas, K. B. In Asymmetric Synthesis; Morrison, 

J. D., Ed.; Academic Press: New York, 1985; Vol. 5, Chapter, 8, p 247. 
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introduced by regioselective epoxide opening with tri- 
methylaluminum (2.0 M in hexane, 0 "C) to cleanly gen- 
erate the vic-diol 23.1a Conversion of 23 to the desired 
epoxide 4 was accomplished via standard methods in 57% 
yield for the two-step sequence. 

Coupling of Intermediates 4-6. Having achieved ef- 
ficient procedures for the preparation of coupling partners 
4-6, a protocol for their coupling was established. The 
vinyllithium species generated by exposure of the vinyl 
bromide 6 (2.0 equiv, THF, -100 "C) to t-BuLi (2.4 equiv) 
reacted smoothly with amide 5 (-78 "C, 1 h) to give enone 
24 in 78% yield (Scheme V).19 Chelation-controlled Zn- 
(BH4)2 reduction (EbO, -20 "C, 1 h) occurred in a highly 
stereoselective fashionm to give the alcohol 25, which was 
subsequently protected as ita diethylisopropyl silyl ether 
26 (DEIPSOTf, 2,6-lutidine, CH2C12, 0 "C - rth21 Oxi- 
dation of the sulfide 26 to the sulfone 27 proceeded 
smoothly by the action of m-CPBA (2.2 equiv, -40 "C - 
rt, 2 h) in the presence of excess pyridine in 78% overall 
yield from enone 24. 

a-Lithiation of the sulfone 27 with n-BuLi (-78 "C, 15 
min) followed by addition of the epoxide 4 and BF3.0Et, 
gave the desired y-hydroxy sulfones 28 in 75% yield as a 
4:l ratio of diastereomers.22 The diastereomers were 

(18) Suzuki, T.; Saimoto, H.; Tomioka, H.; Oshima, K.; Nozaki, H. 
Tetrahedron Lett. 1982,23,3597. 

(19) Employing less than 2.0 equiv of the vinyl bromide 6 led to sig- 
nificant amounta of tert-butyl addition product and N-desmethoxyamide, 
a known product of strong, hindered bases and Weinreb amides. See: 
Graham, S. L.; Scholz, T. H. Tetrahedron Lett. 1990,31,6269. Appar- 
ently, the generated vinyllithium is competitive with t-BuLi for the 
tert-butyl bromide formed during the metalation. As a result, excess 
t-BuLi remains after metalation under these conditions. 

(20) The diastereoselectivity of this reduction was determined to be 
231 (alp) after subsequent protection as the diethylisopropyl silyl ether 
(26) (500-MHz 'H-NMR). (a) Nakata, T.; Tanaka, T.; Oishi, T. Tetra- 
hedron Lett. 1983,24,2653. (b) For recent usea of this reagent in similar 
contexts and with similar outcomes, Me: (i) Somers, P. K.; Wandless, T. 
J.; Schreiber, S. L. J .  Am. Chem. SOC. 1991,113,8045. (ii) Evans, D. A,; 
Miller, S. J.; Ennis, M. D.; Ornstein, P. L. J. Org. Chem. 1992,57,1067. 
(iii) Reference 7. 

(21) Toshima, K.; Mukaiyama, S.; Kinoshita, M.; Tatauta, K. Tetra- 
hedron Lett. 1989,30, 6413 (DEIPS = diethylisopropylsilyl). 

(22) For previous uses of BFs.OEh in similar contexts see: (a) Yam- 
aguchi, M.; Hirao, I. Tetrahedron Lett. 1983, 24, 391. (b) Eis, M. J.; 
Wrobel, J. E.; Ganem, B. J.  Am. Chem. SOC. 1984,106, 3693. 

readily separated by preparative HPLC, and the major 
diastereomer was isolated in 59% yield. Metalation of the 
major diastereomeric sulfone 2P was readily achieved with 
n-BuLi; however, attempted oxidation of this and relatad 
compounds to the ketone 2 with a number of electrophilic 
oxygen sources (e.g., MoOPH,~' oxaziridinelZ5 t-  
BuOOMgBP) has been unsuccessful with the exception 
of molecular oxygen2' and bis(trimethylsily1) peroxide.% 
Thus, metalation of the major diastereomer with n-BuLi 
(2.5 equiv, -78 "C, 15 min) followed by treatment with 
bis(trimethylsily1) peroxide (-78 "C, 6 h) gave the desired 
/%hydroxy ketone 2 (16%, after one recycling of recovered, 
deprotonatable y-hydroxy sulfone)% and recovered y-hy- 
droxy sulfones 28 as a mixture of diastereomers (64%). 
The oxidative desulfonylation of sulfone 28 and related 
systems has been quite challenging, and efforts to improve 
this transformation in addition to exploration of alternative 
strategies continue. 

Confirmation of Stereochemistry. Stereochemical 
confirmation of the alcohol 25, which contains five ster- 
eocenters present in rapamycin, was made by conversion 
to the bicyclic peroxide 29 and comparison to the same 
compound prepared by degradation of rapamycin as de- 
scribed by Goulet and Boger (eq l).30 Co-'H- and 13C- 
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NMR (500 MHz) indicated that the bicyclic peroxides 29 
obtained by the two routes possessed the same relative 
configuration while comparison of optical rotations con- 
firmed their identical absolute configuration. The C31 
stereocenter, which is lost during ozonolysis, is derived 
directly from @)-methyl 3-hydroxy-2-methylpropionate 
(vide supra). The stereochemistry of the cyclohexyl ep- 
oxide 4 follows from comparison of spectral and physical 
data of alcohol 18 to that previously reported.l6 The re- 
maining two stereocenters (C, and &) are derived from 
Sharpleas epoxidation and regie and stereospecific epoxide 
ring opening (vide supra). 

(23) The configuration at  Cs2 of the major and minor diastereomers 
of sulfone 28 has not been determined. Attempted metalation/oxidation 
of the minor diastereomeric y-hydroxy sulfone under a variety of con- 
ditions has thus far been unsuccessful. 

(24) (a) Little, R. D.; Myong, S. 0. Tetrahedron Lett. 1980,21,3339. 
(b) Kennedy, R. M.; Biko, A.; Takemasa, T.; Okumoto, H.; Masamune, 
S. Tetrahedron Lett. 1988.29.451. 

(25) Williams, D. R.; Robidon, L. A,; Amato, G. S.; Osterhout, M. H. 
J.  &E. Chem. 1992.57. 3740. , - - -  

(2g) Lawesson,S.-O.; Yang, N. C. J. Am. Chem. SO~.  1969,81,4230. 
Although some desired ketone was produced using this reagent, it was 
obtained as a mixture of diastereomera possibly as a result of epimeri- 
zation of the sensitive allylic, a-keto center (Csl). 

(27) Yamada, S.; Nakayama, K.; Takayama, H. Tetrahedron Lett. 
1984, 25, 3239. Metalation and oxidation with molecular oxygen of a 
system related to sulfone 28 (TBS = TBDPS, DEIPS = TBS) gave the 
desired ketone (14%), retro-aldol-derived methyl ketone (17%), and 
recovered starting material as a mixture of diastereomers (67%). 

(28) Hwu, J. R. J. Org. Chem. 1983,48, 4433. 
(29) That no epimerization of the labile allylic, a-keto center (CS~) had 

occurred durin the oxidative desulfonylation was determined by in- 

of this center did indeed occur in a closely related model system using 
n-BuLi and molecular oxygen as oxidant and was easily ascertained by 
'H NMR (500 MHz). 

(30) Goulet, M.; Boger, J. Tetrahedron Lett. 1990, 31, 4845. The 
bicyclic peroxide 29 is formed as a single stereoisomer by both routes; 
however, the stereochemistry at  (2% and Cm has not been determined 
(only one stereoisomer ia shown). Note that the original report incorrectly 
depicted the ex0 Cza stereochemistry. 

spection of the F H- and W-NMR (500 MHz) of ketone 2. Epimerization 
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In summary, a synthesis of a protected version of the 
C,-C, segment of rapamycin has been accomplished. The 
modular nature of the synthesis will facilitate the prepa- 
ration of rapamycin derivatives that will be useful for 
mechanistic investigations. Current efforta are focused on 
optimization of the sulfone oxidation and coupling of the 
dienylphosphine oxide' to the fragment described herein. 
The outcome of these studies and the completion of the 
total synthesis of rapamycin will be the subject of future 
reports. 
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Summary: The chemoselective reaction of Sn[N(TMS),], 
with primary aldehydes leads to the stereoselective syn- 
thesis of trans-NJV-bis(trimethylsily1)enamines. More 
reactive Sn(NR.&, (R = Et, iPr, or piperidine) can be 
generated in situ and then treated with aldehydes or ke- 
tones to give trans enamines. 

Divalent tin compounds, otherwise known as stannyl- 
enes, have not been investigated as thoroughly as their 
carbon counterparts, the carbenes. In 1974, Lapped and 
Zuckerman, both reported the synthesis of bis(tri- 
methylsilyl)aminotin, Sn[N(SiMe3)2]2, from the lithium 
amine salt and SnC1,. Both groups reported this tin(I1) 
amide to be a diamagnetic, thermally stable, distillable 
red-orange liquid which solidified to an orange-yellow solid. 
On the basis of a combination of cryoscopic, mass spectral, 
and X-ray crystallographic data, Lappert concluded that 
Sn[N(TMS)2]2 was monomeric in solution and dimeric in 
the solid state.3 

Research in our group has focused on the development 
of new synthetic methods using stannylenes and germyl- 
enes. With regard to stannylenes, we have found that 
acetals may be selectively hydrolyzed to aldehydes under 
mildly basic conditions in the presence of tin(II) chloride? 
Furthermore, aldehydes can be smoothly converted to 
@-keto esters via a tin(I1) chloride promoted coupling with 
a-diazo  compound^.^ As an extension of these studies, 
we now report that tin(I1) amides react with primary al- 

(1) Harris, D. H.; Lappert, M. F. J. Chem. Soc., Chem. Commun. 1974, 
896. 

(2) Schaeffer, C. D.; Zuckerman, J. J. J.  Am. Chem. SOC. 1974, 96, 
7160. 

(3) Gynane, M. J. S.; Harris, D. H.; Lappert, M. F., Power, P. P.; 
Riviere, P.; RiveraBaudet, M. J. Chem. Soc., Dalton Trans. 1977,2004. 

(4) Ford, K. L.; Roskamp, E. J. Tetrahedron Lett. 1992, 33, 1135. 
(6) Holmquist, C. R.; Roskamp, E. J. J. Org. Chem. 1989,54, 3258. 

Holmquiet, C. R.; Roekamp, E. J. Tetrahedron Lett. 1990, 31, 4991. 
Holmquist, C. R.; Roskamp, E. J. Tetrahedron Lett. 1992, 33, 1331. 

dehydes to give the corresponding trans enamines ste- 
reoselectively (eq 11.6 This is the first example of transfer 
of a ligand from a tin(II) amide to an organic ~ubs t ra te .~  

Our initial experiments with tin(I1) amides were con- 
ducted with Sn[NCrms),12.* We were pleased to find that 

(6) For other approaches to enamines see: Stork, G.; Terrell, R.; 
Szmuskovicz, J. J. Am. Chem. SOC. 1954,76,2029. White, W. A.; Wein- 
garten, H. J. Org. Chem. 1967,32,213. Taguchi, K.; Westheimer, F. H. 
J.  Org. Chem. 1971, 36, 1670. Comi, R.; Franck, R. W.; Reitano, M.; 
Weinreb, S. M. Tetrahedron Lett. 1973,3107. Martin, S .  F.; Gompper, 
R. J. Org. Chem. 1974,39,2814. Ahlbrecht, H.; Liesching, L. Synthesis 
1976, 746. Seemuth, P. D.; Zimmer, H. J. Org. Chem. 1978, 43, 3063. 
Broekhof, N. L. J. M.; Jonkera, F. L.; van der Gen, A. Tetrahedron Lett. 
1980,21,2671. Ripoll, J.-L.; Lebrun, H.; Thuillier, A. Tetrahedron 1980, 
36,2497. Martin, S. F.; Phillips, G. W.; Puckette, T. A.; Colapret, J. A. 
J. Am. Chem. SOC. 1980,102,6866. Ahlbrecht, H.; Raab, W. Synthesis 
1980,320. Carlaon, R.; N i h n ,  A.; Stramqviet, M. Acta Chem. Scand. 
1983,837,7. Gilbert, J. C.; Weeraeooriya, U. J. Org. Chem. 1983,48,448. 
Malecot, Y.-M.; Ripoll, J.-L.; Thuiller, A. J. Chem. Res., Synop. l983,86. 
Tani, K.; Yamagate, T.; Akutagawa, S.; Kumobayashi, H.; Taketomi, T.; 
Takaya, H.; Miyaahita, A.; Noyori, R.; Otsuka, 5. J. Am. Chem. SOC. 1984, 
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