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pected product 9j, a side product loj resulting from further 
addition of the cyclic radical to the anilide ring formed.1° 
Fortunately, the poor yields of desired products seem 
limited to the simplest of substrates; as the complexity of 
the precursors increased, so did the yields. Generally, the 
reduced, cyclized products 9 were isolated in high yields, 
although in two cases (entries e and h) significant amounts 
of the products of simple reductive deiodination (not 
shown) formed. Assuming that these simple reduction 
products form because cyclization is not rapid enough, 
their yields could be decreased by lowering the tin hydride 
concentration. The cis/trans ratios of product 9 are 
uniformly low, as is typical for simple carbonyl-substituted 
radicalsa2 In contrast, a side-chain substituent apparently 
provides a good level of asymmetric induction (entry g). 
Only two of the four possible products are formed from 
the cyclization of 8g, and their configurations are assigned 
from Beckwith's guidelines." o-Iodoanilides are also good 
precursors for tandem radical cyclizations (entries k-n). 
Cyclization of 8n provides of striking example of con- 
ducting a new type of tandem cyclization through a cy- 
clopentadiene, which we hope will be useful for a synthesis 
of the crinipellin family of tetraquinanes.I2 

o-Iodoanilides also offer interesting possibilities for 
conducting radical addition reactions. We have conducted 
a variety of bimolecular radical allylations with allyltri- 
butylstannane, and we illustrate this type of reaction by 
the two intriguing examples in eq 3. Radical allylation 

i Ph 
C6H4i 

118 R = H  12a-antl BO'C, 86/14 12a-syn 

l l b  R = A C  12banti 25% 15/65 l l b s y n  
25%. 93/7 

of @hydroxy anilide lla under Keck's standard thermal 
conditions (80 OC)13 provided an inseparable mixture of 
isomers Ita-anti/syn in a ratio 86/14." By using Keck's 

(10) Consistent with the propoeed pathway, the ratio 9j/lOj increased 
an a function of increasing tin hydride concentration. We speculate that 
the clohexadienyl radicals formed by additions to the aromatic ring 
migznot react rapidly with tin hydride at low concentrations, but might 
inatead react by other pathways. This could explain both the difficulties 
in maintaining chains for entriea a and i, and also the lack of clean 
formation of reduced products. 

(11) k k w i t h ,  A. L. J.; Schieswr, C. H. Tetrahedron 1986,41,3926. 
(12) Schwartz, C. E.; Curran, D. P. J. Am. Chem. Soc. 1990,112,9272. 
(13) Keck, G. Q Enholm, E. J.; Yam, J. B.; Wiley, M. R Tetrahedron 

(14) Samples 12a/12b were correlated by the following reactions: 
1986,41,4079. 

Stereoetnrcturea were ansigned by standard lH and 'BC NMR trends for 
&hydroxy carbonyls. See: Heathcock, C. H. In Asymmetric Synthesis; 
Morrison, J. D., Ed.; Academic Press: Orlando, 19W Vol. 3, Chapter 2. 

standard photolytic conditions" (25 "C), the lta-anti/syn 
ratio increased to 93/7 (64% isolated yield). In sharp 
contrast, allylation of the 6-acetoxy anilide l lb  under the 
photolytic conditions provided ltb-anti/syn in a reversed 
ratio of 15/85 (41% isolated yield). Similar trends were 
observed in deuterium trapping experiments with tri- 
butyltin de~teride.'~ These preliminary results hold forth 
the promise that radical addition reactions are suitable for 
dictating 1,Zasymmetric induction in acyclic systems16 and 
that the stereochemical outcome can be reversed by simple 
adjustments of substituents. Indeed, recent studies from 
our lab"* and Giese's'") have already led to the formulation 
of a transition state model that will be detailed in a 
forthcoming joint paper. 

In summary, o-iodoanilides are easily introduced, stable 
precursors that permit the use of C-H bonds as precursors 
for radical formation adjacent to carbonyl groups in 
functionalized molecules. The intramolecular hydrogen- 
transfer reactions of these precursors are exceedingly rapid, 
and the resulting radicals can be used for standard radical 
addition and cyclization reactions. Finally, although re- 
moval is clearly a matter of concern, we have not yet ex- 
tensively investigated the excision of the anilide auxiliary 
from the product. In two cases (Table I, entries d and n), 
we successfully hydrolyzed the producta to carboxylic acids 
under standard conditions (NaOH, THF/water, 100 "C, 
12 h). In the long run, we believe that the design of 
modified o-iodoanilides will result in groups that are even 
easier to remove. 
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(15) Reduction of l l a  with Bu&nD (25 "C) gave an 88/12 ratio of 
anti/syn deuteration, while reduction of l l b  gave a 23/77 ratio. Deu- 
teration ratioe were determined by ?H NMR, and proton assignments 
were made by the standard trends Jmo > JIDm (see ref 14). 

(16) (a) Related allylations of &dkoxy eabrs have just recently ap- 
peared. Guindon, Y.; Lavallb, J.-F.; Boiivert, L.; Chabot, C.; Delorme, 
D.; Yoakim, C.; Hall, D.; Lemieux, R; Simoneau, B. Tetrahedron Lett. 
1991,32. 27. All five examplea reported gave syn wlectivity. (b) For 
recent observations of related group (thiopyridyl) and atom (H) transfer 
reactions, see: Gieee, B.; Zehnder, M.; Roth, M.; Zeitz, H.-G. J.  Am. 
Chem. SOC. 1990, 112, 6741. Guindon, Y.; Yoakim, C.; Lemieux, R.; 
Boiivert, L, Delorme, D.; LavallBe, J.-F. Tetrahedron Lett. 1990,31,2846. 

(17) (a) Rnmamoorthy, P. S., unpublished resulta. (b) Gieee, B.; 
Bulliard, M.; Zeitz, H.-G. Synlett, in press. 
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The development of efficient methods for the regie and 
stereocontrolled formation of carbon-carbon bonds, 8s- 
pecially in the asymmetric cases, is the subject of intense 
current study. Vinylsilanes are well-known to undergo 
substitution reactions with a wide range of electrophiles 
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CH2C12 
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0 
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to give substitution products in regio- and stereospecific 
manners through the so-called B-silyl effect.' However, 
the number of carbon electrophilea presently available for 
the vinylsilane substitution reaction is severely limit8d1v2 
and thus the asymmetric version of this reaction has never 
been developed. Reported herein are the first examples 
of the vinylsilane substitution reaction with glyoxylate and 
the asymmetric version thereof, which provide a-hydroxy 
B,y-unsaturated esters of biological and synthetic impor- 
tance3 with a high degree of stereocontrol (eq 1). 

-0 0 

In the course of our research concerning Lewis acid 
promoted carbonyl-ene reactions with vinylsilanes,' we 
made the surprising observation that the reaction of 
(E)-vinyleilane la with methyl glyoxylate, when promoted 
by TiC14 instead of SnC14P did not provide any of the 
expeded ene product 2a but gave instead the substitution 
(SE) product 3a as a single isomere (eq 2). This new type 

(1) Reviews: (a) Colvin, E. W. Silicon in Organic Synthesiq Butter- 
worth London, 1983. (b) Fleming, I.; Dunoguee, J.; Smithera, R. Org. 
React. 1989,37,67. Fleming, I. In Comprehensive Organic Chemistry; 
Barton, D. H. R., Ollia, W. D., Ekb.; Pergamon: Oxford, 1979; Vol. 3, p 
639. (c) Weber, W. P. Silicon Reagents for Organic Synthesie; Spring- 
er-% e: Berlin, 1983. (d) Magnu, P. D.; Sarker, T.; Djuric, s. In 

G. A,, Abel, F. W., Ekb.; Pegamon: Oxford, 1982; Vol. 7, p 616. (e) 
Hudrlik, P. F. In Journal Organometallic Chemistry Library; Seyferth, 
D., Ed.; Eleevioc Amsterdam, 1976; Vol. 1, p 127. (0 Overview of the 
CY-, &, y-, and &dyl effects: Lambert, J. B. Tetrahedron 1990,46,2677. 
(e) For a recent theoretical study on the 8-effect and many leading ref- 
erencea, see: Wienchke, s. G.; Chandrasekhar, J.; Jorgeneen, W. L. J.  
Am. Chem. Soc. 1985,107,1498. 

(2) (a) Acid halide: Pillot, J.-P.; Dunoguea, J.; C a b ,  R. Bull. Soc. 
Chim. Fr. 1976, 2143. Fleming, I.; P u w ,  A. J. Chem. SOC., Chem. 
Commun. 1976,633. (b) Acetal: Shikh"edbekova, A. Z.; Sultanov, 
R. A. J. Con. Chem., U.S.S.R. 1970,10,72. Pillot, J.-P.; Dunoguea, J.; 
Cabs, R. Bull. Soc. Chim. Fr. 1976, 2143. (c) Chloral: Deleria, G.; 
Dunoguea, J.; Calm, R. J. Organomet. Chem. 1976,93,43. (d) Chloro- 
rulfonyl bocyannta Barton, T. J.; Rogido, R. J. J.  Org. Chem. 1976,40, 
562. 

(3) (a) Reviews: Omura, 8. J. Synth. Org. Chem. Jpn. 1986,44,127. 
H a n d ,  8. The Chiron Approach Pergamon: Oxford, 1983. Mori, K. 
In The Total Synthesis of Natural Products; Apaimon, J., Ed.; Wiley: 
New York, 1981; VoL 4, Cha ter 1. kbnch, D.; Hungerbuhler, E. In 
Modern S nthetic Methods, &effd,  R, Ed.; V e r w  Fran)rhut, 1980; 
VoL 2. (bfhviews on a-+o /3,y-unraturated mQ: Williame, R. M. 
Syntheris of Optically Actwe a-Amino Acicb, Pergemom Oxford, 1989. 
Ab0 see: Fowden, L.; Smith, A,; Millington, D. S.; Sheppard, A. R. 
Phytochemistry 1960,8,437. 
(4) Mikami, K.; Loh, T.-P.; Nakai, T. J. Am. Chem. SOC. 1990,112, 

6737. 
(6) The LRwir aciditiw haw been reported to follow the ordc  Tic4 

> BFa > 8nCk  Satehell, D. P. N.; Satchell, R. S. Chem. Rev. 1969,69, 
26. Surs, B. P. Bull. Soc. Chim. Fr. 1966,2871. 

(6) 'H NMR 1.58 (s,3 H), 1.66 (d, J = 4 Hz, 3 H), 3.30 (br I, 1 H), 3.80 
(I, 3 HI, 4.58 (8, 1 H), 6.76 (9, J = 4 Hz, 1 H) ppm. 

Compre ? ensive Organometallic Chemistry; Wilkineon, G. W., Stone, F. 

(25)-5 (anMsyrk8 : 1)  

of vinylsilane substitution reaction is quite general and 
highly stereospecific, affording the a-hydroxy B,y-unsat- 
urated esters with complete retention of configuration. 
Thus, stereochemically defined (E)-  and (2)-@-(tri- 
methy1silyl)sty~enes~ provide the (E)- and (2)-a-hydroxy 
esters 3b, respectively.* 

\ 2a / 
Ph OH H OH 

H H 

(4 - 3b ( 9 - m  
(700h) ( 80% ) 

More importantly, the asymmetric version of this sub- 
stitution reaction using 8-phenylmenthoP-derived gly- 
oxylatelO was found to proceed with an extremely high level 
of asymmetric induction (>99% de, 2s) (Scheme I). 
Particularly notable is the reaction with (E)-a,@-disub- 
stituted vinylsilane (la),' which provides the (E)-trisub- 
stituted product (h), exclusively." The 2 s  configuration 
of the substitution product was determined after hydro- 
genation of 4a through correlation (HPLC) to the ene 
product 5 with (Z)-2-butene1° (Scheme 1I).l2 Thus, the 
asymmetric substitution reaction provides a new route to 
optically active a-hydroxy B,y-unsaturated esters of bio- 

H+CO&fe P h w C 0 2 M e  

(7) Vinyleilanea are prepared following the literature procedure: 
Colvin, E. W. Silicon Reagents in Organic Synthesi; Academic P w :  
New York, 1988; Cha ter 3, and references therein. 

(8) (Z)-Jb 'H N& 6.66 (dd, J = 9.6 and 11.4 Hz, 1 H), 6.81 (d, J - 11.4 He, 1 H) ppm; IR (neat) 770 cm-l. (E)-3b 'H NMR 6.28 (dd, J 
= 6.7 and 16.9 Hz, 1 H), 6.81 (dd, J = 1.6 and 16.9 Hz, 1 H) ppm; IR 
(neat) 970 cm-'. 

(9) 6-Phenylmenthol auriliary: (a) Diela-Alder reactioa' Carey, E. J.; 
Ensley, H .  E. J. Am. Chem. SOC. 1976,97,6908. Enaley, H. E.; Parnell, 
C. A.; Corey, E. J. J. Org. Chem. 1978,#, 1610. (b) Intramolecular eno 
reaction and 1,4additione: Oppolzer, W. In Current Trencb in Organk 
Synthesie; Nozaki, H., Ed.; Pergamon: Oxford, 1983. 

(10) Review on the u88 of aphenylmenthyl glyoxylate in ene d o n s  
Whitasell, J. K .  Ace. Chem. Res. 1985, 18,280. 

(11) '42 NMR ~CO" (2S)-(Z)-Jb, 66.8 ppm; (2S)-(E)-4b, 70.7 ppm; 
(2S)-(Z)-4cI 67.2 ppm; (2S)-(E)-4c, 69.7 ppm; (zs)-(Z)-h, 73.3 ppm; 
(2S)-(E)-h! 76.2 P P ~  

(12) Anh aelect~wty obrved in the cationic rhodium-catdymd hy- 
drogenation of (E)-h in rather eurpriring in view of the high s aelec- 
tivity reported for a rimibr hydrogenation of an allylic alcohogyotem: 
Brown, J. M. Angew. Chem., Int. Ed. Engl. 1987,26,190. Evans, D. A.; 
Monkey, M. M J. Am. Chem. SOC. 1984,106,3866. We could supgert 
that the proximal wter group rather than the hydroxy group dk.ectr the 
stereochemical course of the p m n t  hydrogenation. Further studim are 
underway in our laboratory. 
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logical and synthetic importan~e.~ 
From a mechanistic point of view, the reaction with 

vinylsilane provides valuable insight into the continuum 
of mechanisms ranging from cationic substitution to the 
pericyclic ene pathway, depending critically on both the 
particular Lewis acid6 used and the vinylsilane geometry 
(eq 3). In sharp contrast to the exclusive formation of 

XC' (3) 

0 
(a-la TiC14 (quant) 1 :  1 

SnCI4 (quant) 0 : 100 (>99% ang 

substitution product with (E)-vinylsilane, (2)-vinylsilane 
provides not only the substitution product" but also the 

ene product.13 More significantly, the use of SnCb pro- 
vides only the ene product.13*14 Thus, vinylsilane may 
represent a novel mechanistic probe for Lewis acid pro- 
moted ene reactions.16 

Supplementary Material Available: Experimental details 
of the substitution reactions and physical data of the producte 
(7 pages). Ordering information is given on any current masthead 
page. 

(13) 'H NMR 0.00 (e, 9 H), 6.30 Id, J = 2.2 Hz, 1 H), 6.66 (d, J = 2.2 
Hz, 1 H) ppm. 

(14) The SnCl,-promotdd ene reaction providea a high enantiomeric 
purity (>99% de) dong with enhanced anti diastemeeledvity' (799%) 
as compared with (E)-2-butene without the silyl group (94% anti).'O 

(16) For a mechanistic probe based on primary kinetic isotope effect: 
Snider, B. B.; Ron, E. J. Am. Chem. Soc. 19811,107,8160. Song, 2 Beak, 
P. Zbid. 1990,112,8126 and references. 
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Summary: 3-Bromo-2-pyrone (1) was coaxed into in- 
verse-electron-demand Diels-Alder cycloaddition with 
dioxole 2 under sufficiently mild thermal conditions to 
allow isolation of functionally and stereochemically rich 
bicycloadduct endo-3 that was transformed into tri- 
hydroxylated A-ring allylic phosphine oxide as an imme- 
diate precursor to la,2a,25-trihydroxyvitamin DS. 

Metabolic hydroxylation of vitamin D3 produces 
la,25-dihydroxyvitin DS (calcitriol)' that is a potent 
regulator of cell differentiation and proliferation2 as well 
as intatinal calcium and phosphorus absorption and bone 
calcium mobilization. Calcitriol is used currently for 
clinical treatment of osteoporosis and for chemotherapy 
of certain metabolism disorders such as neonatal hypo- 
calcemia, chronic renal failure, and hypoparathyroidism? 
Various calcitriol analogues having modified D-ring side 
chains are being developed internationally for chemo- 
therapy of psoriasis, a disease characterized by hyper- 
proliferation of skin cells.' In comparison, relatively little 
effort, however, has been devoted to preparing ring-A 

(1) (a) Vitamin D. Chemical, Biochemical, and Clinical Update; 
pnrceedines of the S i  WorMop on Vitamin D, Memo, Italy, March lm Noman, A W., Schaefer, K., Grigoleit, H. G., Herrath, D. V. Eds.; 
W. de Gruyter: New York, 1986. (b) Brommage, R; DeLucca, H. F. 
Endocrine Rev. 1986,6,491. (c) D i c b n ,  I. Nature 1987,325,18. (d) 
Cancels, L, T b f o n ,  G.; Norman, A. W. In  hormone^ and Their Actions, 
port I ;  Cake, B. A.; King, R. J. B.; Van der Molen, H. J., Edn.; Elsevier: 
Holland, 1988. 

as, S. C. Science 
(Worhmngton, D.C.) 1964,224,1438. ,(b) Provved~ini~. M.; Tsoukam, C. 
D.;  deft^, L. J.; Manolagam, 9. C. Scrence (Wadungton, D.C.) 19I,221, 
1181. 

(3) Vitamin D. Chemical, Biochemical, and Clinical Endocrinology 
of Calcium Metabolhm; of the Fifth Workshop on Vitamin 
D, Williamrb VA, F e w - ,  A. W., Schaefer, K., Herrath, 
D. V., Grigolea .  G., EQ.; W. de New York, 1982; pp 901440. 

(4) For example, IO: Calverley, M. J. In Vitamin D: Molecular, 
Cellular, and Chnical Endocrinology; Norman, A W., Ed.; de Gruytar: 
Berlin, l W ,  p. 51. Calverby, M. J. Tetrahedron 1987,43,4609. 

(2) (a) Tsoukar, C. D.; Prowedini, D. & Mano 
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modified vitamin D3 derivativesP Herein we report an 
efficient, practical, and stereocontrolled synthesis of a 
trihydroxylated A ring as an immediate precursor to 
la,2a,%tzihydroxyvitamin Ds, a new vitamin D3 analogue. 

We have recently shown that electron-deficient 3- 
sulfinyl- and 3-sulfonyl-2-pyrones undergo inverse-elec- 
tron-demand Diels-Alder cycloadditions with various 
electron-rich dienophilea under sufficiently mild conditions 
to allow isolation of the initial rigid, bridged, bicyclic ad- 
ducts without loss of C02 by cycloreversion and without 
subsequent aromatization.8 We have now discovered that 
even 3-bromo-2-pyrone (l), readily prepared on multigram 
scale from 5,fj-dihydr0-2-pyrone~~ and at least 20 timea Zess 
reactive than 3-(p-tolylsulfonyl)-2-pyrone (as determined 
by a competition experiment), also cycloadds as an elec- 
tron-deficient diene under carefully controlled thermal 
conditions? For example, heatin 3-bromo-2-pyrone (1) 
and 2,2-dimethyl-1,3-dioxole (2)6 f *e along with a small 

(6) For some exceptions, see: (a) Okano, T.; 'hugawa, N.; Maauda, S.; 
Takewbi, k, Kobayaehi, T.; Takita, Y.; Ni&& Y. &hem. Biophys. Ru. 
Commun. 1989,263,1444. (b) Kobaymhi, Y.; Nakazawa, M.; Kmadaki, 
I.; Taguchi, T.; Ohshima, E.; Ikekawa, N.; TanaLa, Y.; DeLuca, H. F. 
Chem. Phrm. Bull. 1986,34,1MIs. (c) Miyamoto, K.; Kubodera, N.; 
Ochi, IC, Mabunaga, L; Murayplqa, E Eur. Pat. Appl. Ep 164,206; Chem. 
Abstr. 1988,lM, 11529Oy. (d) Mukawa, W, Kaneko, C.; &saki, S.; Suda, 
T.; Yamada, 9.; Sugimoto, A. German Patent 2636308 (1976); Chem. 
Abetr. 1976,85,46962y. 

(6) (a) Poener, G. H.; Kin*, C. M. J.  Org. Chem. 1990,&5,3967. (b) 
Posner, G. H.; Nelson, T. D. Tetrahedron 1990,16,4673. (c) Po", G. 
H. Pure Appl. Chem. 1990,62,1949. 

(7) (a) Posner, G. H.; Harrison, W.; Wettlaufer, D. 0. J. Org. Chem. 
19811, SO, 6041. (b) Po", G. H.; Wettlaufer, D. 0. J. Am. Chem. Soc. 
1986,108,7373. 

(8) For nonnal-electmmdemand cycloaddition using 3-brome2-pyrone 
involving a8 the Wor reaction pathway thermal extwion of CO from 
the initial bicycloadducta, see Neaterova, T. L.; Shurhwina, h. P.; 
Shulishov, E. V. Zh. Org. Khim. 19811,21,427 (J.  Or#. Chem. U.S.S.R. 
lSIM,21,17) and referenccw therein. For an extensive listing of cycle 
additions with other pyronea, IO: Dienes in the Diela-Alder Reaction; 
Fringuelli, F., Taticehi, A,, Eds.; John Why, Inc.: New York, lSB0. 

(9) Mattay, J.; Thiinker, W.; Scharf, H.-D. Syntheeu 1968,208. 
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