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Abstract: Total syntheses of (*)-cortisone and (*)-adrenosterone have been achieved in 18 steps with the aid of metal-assisted 
new synthetic sequences, in particular, ene reaction and homoenolate chemistry. A novel double-hydroxylation reaction of 
enol silyl ethers leading to a single step construction of the dihydroxyacetone side chain in corticoids has been developed and 
applied to the synthesis of cortisone, cortexolone, and 16a-methylcortexolone. 

Cortical steroids,l of which cortisone ( l),2s3 cortisol (2),4 cor- 
texolone (3),5 and aldosterone (4)6 are  prominent instances of 
active substances, are secreted by the cortex of the adrenal glands 
in mannals. They exhibit a broad range of physiological activities 

A H  

from the control of sodium content in blood to the regulation of 
carbohydrate metabolism. The enone moiety in the A ring as well 
as the ketol in the side chain has been considered necessary for 
these biological activities. Dexamethasone (5)7 and betamethasone 
(6),8 the 16-methyl group of which has been introduced to retard 
the metabolic loss of the ketol side chain, represent a typical 
structure of the commercialized drugs. Over the years, cortico- 
steroids have been the subjects of extensive pharmacological, 
chemical, and synthetic investigations.' In particular, cortisone's 
six contiguous chiral centers, coupled with its physiological im- 
portance, have made this prominent member of steroids an at- 
tractive target of synthetic activities over the last three decades. 

Historically, several different s t r a t e g i e ~ l . ~  have provided 
chemical access to the corticosteroids.1° Among these, the C D  

( I )  (a) Fieser, L. F.; Fieser, M. Steroids; Reinhold Publishing Corp.: New 
York, 1959; p 600. (b) Nakanishi, K., Goto, T. ,  Ito, S., Natori, S., Nozoe, 
S., Eds. Natural Products Chemistry; Kodansha/Academic Press: New York, 
1974; Vol. 1, p 456. 

(2) (a) Pfiffner, J .  J.; Wintersteiner, 0.; Vars, H.  M. J .  Biol. Chem. 1935, 
111, 585. (b) Wintersteiner, 0.; Pfiffner, J. J .  J .  Biol. Chem. 1936, 116, 291. 
(c) Mason, H. L.; Myers, C. S.; Kendall, E. C. J .  Biol. Chem. 1936, 114, 613. 
(d) Reichstein, von-T. Helv. Chim. Acta 1936, 19, 1107. 

(3) For classical syntheses of cortisone, see: (a) Woodward, R. B.; Son- 
dheimer, F.; Taub, D.; Heusler, K.; McLamore, W. M. J .  Am. Chem. SOC. 
1952, 74, 4223. (b) Sarett, L. H.; Arth, G. E.; Lukes, R. M.; Beyler, R. E.; 
Poos, G. 1.; Johns, W. F.; Constantin, J .  M. J .  Am. Chem. SOC. 1952, 74, 4974. 
(c) Velluz, L.; Nomine, G.; Mathieu, J. Angew. Chem. 1960, 72, 725, 1293. 

(4) (a) Reichstein, von-T. Helv. Chim. Acta 1938, 20, 953. (b) Mason, 
H. L.; Hoehn, W. M.; Kendall, E. C. J .  Biol. Chem. 1938, 124, 459. 

(5) (a) Reichstein, von-T.; Euw, J. V. Helv. Chim. Acta 1938, 21, 1197. 
(b) Reichstein, von-T. Helv. Chim. Acta 1938, 21, 1490. 

(6) (a) Simpson, S. A.; Tait, J. F. Recent frog. Hornt. Res. 1955, / I ,  183. 
(b) Wettstein, A.; Anner, G. Experientia 1954, I O ,  397. 

(7) (a) Arth, G. E.; Fried, J . ;  Johnston, D. B. R.; Hoff, D. R.; Sarett, L. 
H.; Silber, R. H.; Stoerk, H. C.; Winter, C. A. J .  Am.  Chem. SOC. 1958, 80, 
3161. (b) Oliveto, E. P.; Rausser, R.; Weber, L.; Nussbaum, A. L.; Gebert, 
W.; Coniglio, C. T.; Hershberg, E. B.; Tolksdorf, S.; Eisler, M.; Perlman, P. 
L.; Pechet, M. M. J .  Am.  Chem. SOC. 1958, 80, 4431. 

(8) (a) Taub, D.; Hoffsommer, R. D.; Slates, H. L.; Wendler, N. L. J. Am. 
Chem. SOC. 1958, 80, 4435. (b) Oliveto, E. P.; Rausser, R.; Herzog, H.  L.; 
Hershberg, E. B.; Tolksdorf, W.; Eisler, M.; Perlman, P. L.; Pechet, M .  M. 
J .  Am. Chem. Sac. 1958, 80. 6688. (c) Taub, D.; Hoffsommer, R. D.; Slates, 
H. L.; Kuo, C. 11.; Wendler, N. L. J .  Am. Chem. Sac. 1960, 82, 4012. 

(9) Fried, J., Edwards, J. A., Eds. Organic Reactions in Steroid Chemistry; 
Van Nostrand Reinhold: New York, 1972. 

( I O )  Microbiological methods are utilized in some corticosteroid syntheses. 
For review, see: Iiriada, Y .  J .  Synrh. Org. Chem., Jpn. 1983, 4 / ,  1008. 
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- ABCD approach has come to gain considerable recent success 
mainly owing to the excellent strategies presented by Stork" for 
elaboration of the C D  ring as well as the A B  ring portion of the 
molecule. 

In spite of the myriad of efforts directed toward the preparation 
of cortisone, only three classical examples3 have actually achieved 
the total synthesis of the final target structure. Instead, a vast 
majority of syntheses terminated a t  the stage of adreno- 
steronella.b,c.lZ (7) or 1 l - k e t o p r o g e ~ t e r o n e " ~ ~ ~ ~  (8), onto which the 
oxygenated side chain is to be installed with the aid of established 
several-step procedures9J4 that accompany suitable protection/ 
deprotection processes. 

The design and analysis of new reactions and development of 
efficient strategies for natural product synthesis have long been 
major forces of research in these laboratories, and the considerable 
challenge of creating a stream-lined appruaiii to the corticosteroids 

(1 I )  (a) Stork, G.; Winkler, J. D.; Shiner, C. S. J .  Am. Chem. SOC. 1982, 
104,3767. (b) Stork, G.; Logusch, E. W. J .  Am. Chem. SOC. 1980, 102, 1218, 
1219. (c) Stork, G.;  Clark, G.; Shiner, C. S. J .  Am. Chem. SOC. 1981, 103, 
4948. (d) Stork, G.; Sherman, D. H.  J .  Am.  Chem. SOC. 1982, 104, 3758. 
(e) Sherman, D. H. Ph.D. Thesis, Columbia University, 1981. 

(12) (a) Van Royen, L. A.; Mijngheer, R.; De Clercq, P. J .  Tetrahedron 
Lett. 1983,24,3145. (b) Snider, B. B.; Kirk, T. C. J.  Am. Chem. SOC. 1983, 
105, 2364. (c) Ziegler, F. E.; Lim, H.  J .  Org. Chem. 1984, 49, 3278. 

(13) (a) Ziegler, F. E.; Wang, T. F. J .  Am.  Chem. SOC. 1984, 106, 718. 
(b) Synthesis of 1 I-hydroxyprogesterone: Johnson, W. S.; Escher, S.; Metcalf, 
B. W. J .  Am.  Chem. SOC. 1976, 98, 1039. 

(14) (a) Van Rheenen, V.; Shephard, K. P. J .  Org. Chem. 1979.44, 1582. 
(b) Barton, D. H.  R.; Motherwell, W. B.; Zard, S. Z. J. Chem. Sac., Chem. 
Commun. 1981,774. (c) Daniewski, A. R.; Wojciechowska, W. J .  Org. Chem. 
1982, 47, 2993. Daniewski, A. R.; Wojciechowska, W. Synthesis 1984, 132. 
(d) Hogg, J. A,; Beal, P. F.; Nathan, A. H.; Lincoln, F. H.; Schneider, W. 
P.; Margarlein, B. J.; Hanze, A. R.; Jackson, R. W. J .  Am. Chem. SOC. 1955, 
77, 4436. (e) Moriarty, R. M.; John, L. S.; Du, P. C. J .  Chem. SOC., Chem. 
Commun. 1981, 641. (f) Biollaz, M.; Haefliger, W.; Velarde, E.; Crabb6, P.; 
Fried, J .  F. Chem. Commun. 1971, 1322. (g) Neef, G.; Eder, U.; Seeger, A,; 
Wiechert, R. Chem. Ber. 1980, 113, 1184. (h) NEdElec, L.; Torelli, V.; Hardy, 
M .  J .  Chem. Soc., Chem. Commun. 1981, 775. (i) Gumuika, M.; Kurek, A,; 
Wicha, J .  Pol. J .  Chem. 1982, 56, 741. (j) Heinemann, H. A. F.; Kreiser, 
W. Ger. Offen. 2,655,104; Chem. Abstr. 1978, 89, 129802e. (k) Walker, J. 
A,; Hessler, E. J .  C I S .  US 4,357,279; Chem. Abstr. 1983, 98. 72566k. 
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emerged as an attractive objective. W e  have focused on the 
synthesis of cortisone, in particular, on the development of efficient 
access for the construction of the dihydroxyacetone side chain, 
during the pursuit of which we hoped to devise new strategies for 
corticoid synthesis as well as to develop new concepts in the 
designing of new reactions. Herein are reported the details of the 
18-step total synthesis of (*)-cortisone (l)? (&)-adrenosterone 
(7) as well as partial synthesis of cortexolone (3), and congeners. 
Aspects of computational analysis of some crucial stereochemical 
results are also described. 

Results and Discussion 
( A )  Total Synthesis of (&)-Cortisone and (&)-Adrenosterone. 

In planning the synthesis of cortisone, the decision was made to 
adopt an excellent strategy developed by Stork for the AB ring 
construction,"cld which converts the partial structure A into the 
3-enone B in only five steps in good overall yield (Scheme I). This 
scheme should provide the most straightforward access to the 
steroidal AB ring, if an efficient route to the starting 1,6-keto ester 
A could be secured. 

With these considerations in mind, the keto acid C was viewed 
as the logical precursor. The homoallylic alcohol portion on the 
D ring serves for introduction of the dihydroxyacetone side chain 
through appropriate refunctionalization. For this specific problem, 
a novel double-hydroxylation procedure (vide infra) has been 
developed. 

Given a chance of the availability of the copper homoenolate 
D, whose conjugate addition was then studied in these labora- 
tories,I6 our initial effort was concentrated on efficacious prepa- 
ration of the enone E that would act as a viable Michael acceptor. 

A common problem in the C D  - ABCD ring strategy, namely 
stereoselectivity in the construction of a trans-hydrindan, emerges 
in the preparation of E. On the basis of related studies by us" 
and others,Is we have chosen to rely upon the stereoselective 
conjugate addition of an organocopper reagent to enone F. 

The enone 11 that  represents a pro-C ring was conveniently 
prepared in two steps (81% overall yield) from the commercially 
available enone 9 as previously r e p ~ r t e d . " ~ ' ~  In order for in- 

0 L O A  1 )  MeMgB1 0 
B K H ~ C O ~ ' B U  * E t o a C 3 Z ' 6 ~  - mc0Zt6u 

9 E !! 

H H H 

15 E '7 
troduction of the latent D ring side chain, the enone 11 was treated 
with a variety of organocopper reagents derived from (2- 
methyl- I-propeny1)magnesium bromide (12). Owing to the steric 
impediment at  C(  13) exercised by the (tert-butoxycarbony1)methyl 
appendage, the desired conjugate addition proceeded only when 
a large amount (>3-fold excess) of a copper reagent with a 
cuprate-type stoichiometry was employed (maximum 78% yield 
of 13). The reaction was, however, frustrated by its poor re- 
producibility, often producing considerable amounts of 1,2-adducts. 
Me,SiCI acceleration of the conjugate addition of catalytic or- 
ganocopper reagents, then investigated in our laboratories,16,20,21 

( I  5) Preliminary results have been reported: Horiguchi, Y. ;  Nakamura, 
E.; Kuawjima, 1. J .  Org. Chem. 1986, 51, 4323. 

(16) (a) Nakamura, E.; Kuwajima, I .  J .  Am. Chem. SOC. 1984,106, 3368. 
(b) Nakamura, E.; Aoki, S . ;  Sekiya, K.; Oshino, H.; Kuwajima, I. J .  Am. 
Chem. SOC. 1987, 109, 8056. 

(17) Fukuzaki, K.; Nakamura, E.; Kuwajima, I .  Tetrahedron Lett. 1984, 
25, 3591. 

(18) (a) Wage, P. M.; Clark, R. D.; Heathcock, C. H. J .  Org. Chem. 1976, 
41, 3144. (b) Ziegler, F. E.; Reid, G.  R.; Studt, W. L.; Wender, P. A. J .  Org. 
Chem. 1977, 42, 1991. 

(19) Stork, G.;  Danheiser, R. L. J .  Org. Chem. 1973, 38, 1775. 

16-H Signal 
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Figure 1. Assignment of C-16 stereochemistry. 

provided an effective solution to this problem. Thus, when a 
mixture of the enone 11 and Me,SiCI was added to a cooled T H F  
solution of a mixture of 1.5 equiv of the Grignard reagent 12 and 
a catalytic amount of CuBr.Me2S, the conjugate reaction was 
found to proceed very rapidly to give the desired adduct as a single 
isomer after aqueous workup. Despite the use of a nearly stoi- 
chiometric amount of the Grignard reagent, reproducibility of the 
reaction was excellent, and the yield was comparable to that of 
the foregoing stoichiometric reaction. The stereochemistry of the 
adduct 13 was assigned to be trans on the basis of related exam- 
ples" and was confirmed at  a later stage. The keto ester was then 
converted to olefinic aldehyde 14 in two steps (LiAIH4, Swern 
oxidation, 78%). 

With the stereochemistry of the C D  ring juncture thus secured, 
the task of closing the D ring remained to be done. Internal ene 
reaction is known to be a reliable procedure for the formation of 
five-membered rings, which gives rise to 1,2-cis-disubstituted 
isomers.22 Thus, the ring closure of 14 by the ene reaction was 
expected to mainly produce either 15 or 16. Although the for- 
mation of the 16~ ,17~- i somer  16 was desired in view of the C(  17) 
stereochemistry of natural steroids, it was not clear if the ene 
reaction actually provides such stereochemistry. The difficulty 
in making predictions on an empirical ground arose from the 
competing A's2- and A',3-strain in the highly substituted allylic 
system found in 14. In the last section of this article is discussed 
the ground-state and transition-state analysis of 14 by a compu- 
tational method that correctly predicts both the sense and the 
degree of the stereoselectivity. 

Initial attempts to effect thermal ene reaction failed. Heating 
14 either neat or as a solution in a sealed tube a t  150-300 "C  
gave a complex mixture from which products perhaps due to 
internal aldol condensation were isolated. We next examined 
Snider's Me2A1C1-catalyzed ene reaction23 that could be carried 
out under much milder conditions. In contrast to the simple cases 
reported, the Lewis acid catalyzed reaction of 14 was slow at low 
temperature, and the use of excess reagent invariably gave a 
tertiary chloride 17 as a major product. 

Only in the presence of 1 equiv of the aluminum reagent a t  0 
"C, however, did very clean reaction take place to afford the 
desired trans-hydrindanone 15 in 85% yield as a mixture of iso- 
mers, in which the major isomer constituted 85% of the total with 
the other three isomers constituting about 5% each. The stere- 
ochemistry of the reaction remained unaffected by variation of 
the reaction conditions. 

(20) For Me,SiCI-accelerated conjugate addition of catalytic copper 
reagents, see: (a) Horiguchi, Y.;  Matsuzawa, S.; Nakamura, E.; Kuwajima, 
I. Tetrahedron Lett. 1986, 27, 4025. (b) Nakamura, E.; Matsuzawa, S.; 
Horiguchi, Y. ;  Kuwajima, 1. Tetrahedron 1989, 45, 349. 

(21) For Me,SiCI-accelerated conjugate addition of stoichiometric copper 
reagents, see: (a) Nakamura, E.; Matsuzawa, S.; Horiguchi, Y . ;  Kuwajima, 
I .  Tetrahedron Lett. 1986, 27, 4029. (b) Corey, E. J.; Boaz, N. W. Tetra- 
hedron Lett. 1985, 26, 6015, 6019. (c) Alexakis, A,; Berlan, J.; Besace, Y .  
Tetrahedron Lett. 1986, 27, 1047. (d) Johnson, C. R.; Marren, T. J. Tetra- 
hedron Lett. 1987, 28, 27. (e) For recent synthetic applications: Roush, W. 
R.; Michaelides, M. R.; Tai, D. F.; Chong, W. K. M. J .  Am. Chem. SOC. 1987, 
109, 7575. Lin, J.; Nikaido, M. M.; Clark, G. J .  Org. Chem. 1987, 52, 3745. 
Asaoka, M.; Shima, K.; Takei, H. Tetrahedron Lett. 1987, 28, 5669. Lin- 
derman, R. J . ;  Godfrey, A,; Horne, K. Tetrahedron Lett. 1987, 28, 3911. 
Rehnberg, N.; Frejd, T.; Magnusson, G. Tetrahedron Lett. 1987, 28, 3589. 
Bold, G.; Chao, S.; Bhide, R.; Wu, S.-H.; Patel, D. V.;  Sih. C. J .  Tetrahedron 
Lett. 1987, 28, 1973. 

(22) Taber, D. F. Intramolecular Diels-Alder and Ene Reactions; 
Springer-Verlag: New York, 1984. 

(23) Snider, B. B.; Rodini, D. J.; Karras, M.; Kirk, T. C.; Deutsch, E. A,; 
Cordova, R.; Price, R. T. Tetrahedron 1981, 37, 3927. 
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Scheme 111 

To determine the C (  16) and C(17) stereochemistry, the cyclized 
product (containing about 5% of an isomer) was acetylated and 
then subjected to further transformation (Scheme 11). The 
acetoxy ketone 18 was converted through a sequence of standard 
reactions to 21. The ketone 21, which contained a small amount 
of 22 (ratio 94:6), was treated with KOH in methanol. After 18 
h at  room temperature, the 21 to 22 ratio changed to 28:72. Since 
the P-oriented 17-acetyl group is thermodynamically more favored 
than the a-oriented one,' the acetyl group in 21 must have been 
a-oriented and so must have been the isopropenyl group in 18. 

For further confirmation of the assignment, the ketal in 22 was 
hydrolyzed to obtain the diketone 23, which was identical with 
the material prepared by catalytic hydrogenation of enone 24, 
which is to occur from the less hindered a-side as amply dem- 
onstrated i n  the steroid chemistry.' 

With the C( 17) stereochemistry assigned, the 16-hydroxyl group 
was shown to be also a-oriented on the basis of 500-MHz ' H  
N M R  analysis of the (tert-butyldimethyl)silylated derivative 28 
obtained at  a later stage. Careful decoupling experiments and 
spectrum simulation (LAOCOON)24 coupled with conformational 
analysis by molecular mechanics (MM2)25 served to show that 

(24) (a) Castellano, S.; Bothner-By, A. A. J .  Chem. Phys. 1964,41, 3863. 
(b) Detar, D. F .  Compurer Programs for  Chemistry; Benjamin: New York, 
1968; Vol. I .  p IO. 

34 
h 

the C( 16) methyne and the C( 17) methyne are cis to each other. 
The observed coupling constant of J,,, , ,  = 6.4 Hz  was especially 
diagnostic (Figure I ) .  Thus, the major product of the ene reaction 
was shown to be 15. 

While the stereochemistry of C(16) and C( 17) is erased at  a 
later stage, the major isomer 15 was separated for the sake of 
experimental simplicity and used for the subsequent reactions. 
The C D  ring portion with an appropriate side chain a t  C(17) 
completed, our attention was next focused on the introduction of 
the a-oriented propionate appendage onto C(8). To this end, the 
ketone 15 was converted first to enol silyl ether 25 and then to 
the enone 26.26 A high level of the regioselectivity was achieved 
during silylation either with Me3SiC1/Na12' or ethyl (tri- 
methylsilyl)acetate/TBAF.28 

(25) (a) Burkert, U.; Allinger, N. L. Molecular Mechanics; American 
Chemical Society: Washington, DC; 1982. (b) Allinger, N. L. J .  Am. Chem. 
SOC. 1977, 99, 8127. (c) Allinger, N .  L.; Yuh, Y. H. QCPE 1980, 12 ,  395. 

(26) Ito, Y.; Hirao, T.; Saegusa, T. J .  Org. Chem. 1978, 43, 101 I .  
(27) Cazeau, P.; Moulines, F.; Laporte, 0.; Duboudin, F. J .  Organomef. 

Chem. 1980, 201, C9. 
(28) (a) Nakamura, E.: Murofushi, T.; Shimizu, M.; Kuwajima, I. J .  Am. 

Chem. SOC. 1976, 98, 2346. (b) Kuwajima, 1.: Nakamura, E.; Hashimoto, 
K. Org. Synfh.  1983, 61, 122. This silylation method has been reported 
particularly suitable for such a silylation/oxidation sequence: (c) Sugimura, 
T.; Paquette, L. A. J .  Am.  Chem. SOC. 1987, 109, 3017. 
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29, b = 1.12). The propensity of the Me3SiC1 to relatively favor 
the @attack was found very prominent. For instance, despite the 
strong steric impediment due to its angular [(tert-butyldi- 
methyl)siloxy]methyl group, the 18-doxy enone 30 related to a 
projected synthesis of aldosterone (4) also afforded a 1 / 1  mixture 
of diastereoisomers. 

Despite the lack of reasoning for the selectivity of the 
Me3SiCI-mediated reaction,30c we examined various other con- 
ditions, to find that BF3.0Et,31 not only accelerates the reaction 
but also improves the stereoselectivity to afford the desired adduct 
27a with over 97% selectivity in 8 0 4 5 %  yield. 

The keto ester 27a was then converted eventlessly to the keto 
acid 28 through protection of the 16-hydroxyl group by (tert- 
butyldimethy1)silylation followed by hydrolysis of the ester group. 
The overall yield from the hydrindanone 15 to 28 was 35%. It 
should be noted that the silylation just mentioned is the only 
protective operation in our 18-step synthesis, and the silyl group 
installed herein acts as a leaving group a t  a later step. 

The stereochemistry of C(8), C( 13), and C(  14) was confirmed 
2t this point by chemical correlation to Stork's intermediate, 34l I d  
(Scheme 111). The ester 31 prepared from 27a was reduced to 
the alcohol 32 and then converted to the 17-@-acetyl compound 
33. Ketalization of the 20-keto group, followed by oxidation of 
the 1 I-hydroxyl group and hydrolysis of the ester group, afforded 
the keto acid 34. The 'H NMR of this material compared fa- 
vorably with that of an authentic spectrum. 

Conversion of' 28 to the steroid nucleus 39 was achieved through 
the internal Diels-Alder route.licId The keto acid 28 was subjected 

\ 

@d :-- 
' 8 )  LII:Y~:H&O~R')Z 

cot c l a r  M ~ ~ S  

OAC 
2 --A 

BF? OEt7  

E ~ s ~ ~ C  
E 

270 R' ='Pr, R 2 = H  
z b  R' = E t ,  RZ=Ac '0uMe25,O 

(28 - R1=H.R2:5itBuMe2 (,+- OSih"e3 

30 
Among a variety of functionalized three-carbon nucleophiles 

that might undergo conjugate addition to 26, the catalytic copper 
homoenolate D that had just been developed was the most suitable 
candidate.16 We anticipated that the addition reaction selectively 
would afford the desired 8a-isomer 27, since the addition of 
organocopper reagents onto trans-fused bicyclic compounds such 
as 26 would take place from the less hindered a-side.'2b*29,30 In 
fact, conjugate addition of MezCuLi to 26b proceeded highly 
selectively to give a product that exhibited a high-field 18-methyl 
signal typical for an 8 c u - i ~ o m e r . ~ ~  

In sharp contradiction with the above expectation, the conjugate 
addition of the homoenolate under our standard conditions of using 
Me,SiCI as a promoter (note that no reaction takes place without 
a Lewis acid additive)I6 turned out to be more P-face selective, 
affording a disappointing 1 / 1  mixture of stereoisomers 27b and 
29 (100% yield). The readily discernible angular methyl signals 
on ' H  NMR serve to distinguish these isomers (27b, 8 = 0.92; 

(29) Hsu, C.-T.; Wang, N.-Y.; Latimer, L. H.; Sih, C. J .  J .  Am.  Chem. 
SOC. 1983, 105, 593 .  

(30) The following correlation has been observed for the stereochemistry 
at  the pro-C(8) and the 'H NMR spectrum. The signals due to the angular 
methyl group in  8u-substituted pro-CD rings and congeners appear at  an 
upper field (by ca. 0.1 ppm) than those due to the &substituted isomer, and 
the parent enones show their angular methyl signals in between: (a) Stork, 
G.; Spiess, E. J., Columbia University, unpublished results. Spiess, E. J. P h D  
Thesis, 1980. (b) Reference 12b. 

Chemical Shift Values of Angular Nethyl Groups 

0 . 9 0  0 . 8 1  0 . 9 3  

R " 
0 . 8 4  0 . 7 1  0 . 7 0  

+oat $cat P ~ C A C  

E t C O S d  EtCOC H 

1.07 0 .92  1.12 

(c) There have been found some evidence that conjugate additions of cuprates 
to some enones are The observed equatorial selectivity in the 
 precedent^'^^,^^,^^^ as well as in the addition of MelCuLi to 26 is very likely 
due to the reversibility (cf. formula i wherein the copper moiety takes the less 
hindered equatorial position). MqSiCI-mediated addition, on the other hand, 
has been proposed to be kinetically controlled with its stereochemistry being 
controlled at an early stage of the and this is likely to result in 
the enhanced axial approach in  the present Me,SiCI-mediated reaction. One 
possible rationalization thus involves a stereochemistry-determining step 
represented by ii, in which the conjugation between the forming carbon-copper 
bond and the enolate severely distorts the fused bicyclic structure (estimated 
by MM2 to give several kilocalories per mole strain). Another interpretation 
in  a similar vein involves a four-membered intermediate i i i  proposed recently: 
Corey, E. J . ;  Hannon, F. J . ;  Boaz. N. W.. to be submitted for publication. 
E.N. thanks Professor Corey for the provision of the manuscript. 

3 9  
I 

3 7  - 

L 1 A  - 42 2 
R=SitBuMe2 

to Stork's three-step protocol to obtain the tetracyclic ketone 37 
in 68% overall yield, together with two minor structural isomers. 
One of these isomers was assigned by 'H NMR as an olefinic 
regioisomer 40 (1 2% yield), which formed during the dehydration 
reaction, and another as a stereoisomer 41 (8%) formed in the 
cycloaddition reaction. Attempted isomerization (RhC13.H20/ 
EtOH)"d,33 of the regioisomer 40 resulted in the formation of a 
complex mixture due to destruction of the homoallylic alcohol 
moiety in the D ring. Ozonolysis of the tetracycle 37 gave the 
tetraketone 38 (80% yield), which was then subjected to aldoli- 
zation to form the A ring. Stork's original conditions (4% 
KOH/MeOH,  0.015 M)IIe gave the desired product 39 in a 
moderate yield (SO%),  accompanied by the methanol adduct 42 
(10%). Cyclization could not be achieved in isopropyl alcohol 
or in tert-butyl alcohol. Interestingly, base treatment of the 
tetraketone 43 possessing a methoxymethyl ( M O M )  group pro- 
duced a complex mixture perhaps due to formaldehyde in situ 
generated from the MOM group. An observation that 1,8-dia- 
zabicyclo[5.4.0]undec-7-ene (DBU) converts the methanol adduct 
42 to the desired triketone 39 suggested possible use of this base 

(31) Yamamoto, Y. Angew. Chem., In ! .  Ed. Engl. 1986. 25, 947. 
(32) (a) Krauss, S. R.; Smith, S. G. J .  Am.  Chem. SOC. 1981, 103, 141. 

(b) Hallnemo, G.; Olsson, T.; Ullenius, C. J .  Organomel. Chem. 1985, 282, 
133. (c) Corey, E. J . ;  Boaz, N. W. Tetrahedron Lerr. 1984, 25, 3063. 

(23) Grieco, P.; Nishizawa, M.; Marinovic, N.: Ehmann, W.  J .  J .  A m .  
Chem. SOC. 1976, 98. 7102. 
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for the conversion of 38 to 39. Indeed, heating a (0.03 M)  benzene 
solution of 38 and DBU (10 equiv) in a sealed tube a t  230 "C  
for 3 h afforded 39 in over 75% yield.34 The two-step conversion 
from 37 to 39 not only completed the AB ring but also set the 
D ring ready for the final hydroxylation of the side chain. 

At this point, completion of synthesis of (&)-cortisone requires 
only the introduction of the two hydroxyl groups a t  C (  17) and 
C(21) to 39 possibly by selective manipulation of the D ring enone. 
At the outset, this task appeared to be a formidable challenge, 
since the compound possesses an equally reactive A ring enone. 
Recourse to the manipulation of the side-chain portion at  an earlier 
stage thus emerged as a reasonable alternative. In  an attempt 
to selectively hydroxylate the latent C(21) methyl group, the keto 
ester 44 was epoxidized to 45, which was then submitted to 
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<&a iiH 4ia R=H 4% i=H 

4 3  R = s ~ ~ s ~ . x ~ ~  4~~ R = S I ~ B U M ~ :  46b A = S ~ ~ B J M ~ ~  
I 

isomerization conditions (A1(OiPr)3,35 AI(O'BU)~, Ti(OiPr)4,36 
EtzAITMP,37 Me3SiOTf/amine,38 and TBSOTf/amine). Al- 
though the reaction of 45b with Ti(OiPr)4 afforded 46% in ca. 60% 
yield, the reaction was poorly reproducible. Alternative attempts 
to directly convert 44 to 46 by S e 0 2 / A c O H  failed presumably 
because of the preferential oxidation of the 1 1-keto group. It is 
notable that a substantial level of diastereoselection (83:17) oc- 
curred during the mCPBA epoxidation of the homoallylic alcohol 
44a. The overwhelming preference of the conformer G over H 

G 0 kca l /mol  2 0 kcal/mol 

(by MM2) combined with the Henbest rule suggests the stereo- 
chemistry of the epoxide 45a as indicated. In  support of such 
reasoning, a much lower level of stereoselectivity was seen for the 
silyl ether 44b. 

Focusing again on the selective hydroxylation of the D ring 
enone a t  the stage of the triketone 39, we envisioned taking ad- 

O* 

vantage of its steric environment. In light of literature precedents 
on the selective hydrogenation of the A16-olefin in the presence 
of the more hindered A4-olefin,' the Rh-catalyzed hydrosilation 
reaction3g was examined. The reaction of 39 with 1 .O equiv of 

(34)  Corey, E. J.;  Andersen, N. H.; Carlson, R. M.; Paust, J.; Vedejs, E.; 
Vlattas, I . ;  Winter, R. E. K. J .  Am. Chem. Sot. 1968, 90, 3245. 

(35)  (a) Eschinasi, E. H. J .  Org. Chem. 1970, 35, 1598. (b) Terao, S.; 
Shiraishi, M.; Kato, K. Synthesis 1979, 467. 

(36) Morgans, D. J., Jr.; Sharpless, K. B.; Traynor, S. G. J .  Am. Chem. 
Sot. 1981, 103, 462. 

(37)  Yasuda, A.; Tanaka, S.; Oshima, K.; Yamamoto, H.; Nozaki, H. J .  
Am. Chem. Sot. 1974, 96, 65 13. 

(38)  Murata, S.; Suzuki. M.; Noyori, R. J .  Am. Chem. SOC. 1979, 101, 
2738. 

(39)  (a) Yoshii, E.; Ikeshima, H.; Ozaki, K. Chem. Pharm. Bull. 1972, 20, 
1827. (b) Ojima, I.; Kogure, T.; Kagai, Y. Tetrahedron Lett. 1972, 5035. 

tripropylsilane and a catalytic amount of RhCI(PPh,), in T H F  
a t  6@65 "C for 82 h proceeded expectantly to give enol silyl ether 
47 as the predominant product (89% yield on 74% conversion). 
The next objective entailed the standard oxygenation of the enol 
silyl ether m o i e t p  to introduce the 17-oxygen function (a), which 
was hoped to act as cornerstone for selective oxygenation of the 
C(21) methyl group. 

In the first step toward this endeavor, we encountered a truly 
remarkable transformation. When the enol silyl ether was oxidized 
with slight excess of mCPBA in the presence of excess N a H C 0 3  
in CHZCIz at  0 "C, a considerable amount of 17-hydroxy-21-siloxy 
ketone, the silyl ether of the target molecule, was formed, whereas 
none of the expected 17-doxy ketone 48 was detected. T o  our 
great surprise, use of 2.5 equiv of mCPBA in the presence of 
powdered KHCO, was found to convert 47 directly into cortisone 
silyl ether, which smoothly lost its silyl group upon acidic workup 
to afford cortisone (1 )  in isolated 83% yield. Thus, the synthesis 
of the target molecule has been achieved from the triketone 39 
in a remarkably short, two steps. The synthetic, racemic cortisone 
was identical with an authentic sample of natural 1 by 200-MHz 
'H N M R ,  50-MHz I3C N M R ,  and T L C  mobility under several 
different conditions. An 18-step total synthesis of (&)-cortisone 
has thus been achieved in ca. 5% overall yield. 

A very slight modification of the final oxidation step (Le., order 
of the addition of the reagents; see the Experimental Section) 
converts the enol silyl ether 47 directly into (&)-adrenosterone 
(49). Thus, treatment of 47 with a mixture of 2.5 equiv of 
mCPBA and excess K H C 0 3  a t  room temperature produced 49 
in 50% yield. 

General Synthesis of the Di- 
hydroxyacetone Side Chain in Corticoids. There have been several 
methods for introduction of the dihydroxyacetone function onto 
a steroid nucleus, which start(s) either from a 17-keto or 20-keto 
compound requiring three to several  step^.^,'^ Although the 
stereochemistry of the 17-hydroxyl group is generally well taken 
care of by the presence of the 18-methyl group, the chemose- 
lectivity is not always very high, usually necessitating suitable 
protective operations. 

The double-hydroxylation reaction described above has two 
unique advantages over the existing ones, its extreme brevity and 
the notable chemoselectivity owing to the neutrality of the con- 
ditions. Investigation of the general potential of this reaction in 
the synthesis of corticoids was without doubt worthwhile. 

In order to define the scope of the reaction, dienone 50 (Scheme 
IV) was studied in some detail. The hydrosilation reaction has 
proven not only highly regioselective so far as the reaction was 
not forced to go completion but also stereoselective with respect 
to the geometry of the enol double bond (unassigned, however). 
Thus, with 1.0 equiv of tripropylsilane, enol silyl ether 51 was 
obtained as a single product in 79% yield upon 92% conversion. 

The remarkable ease of the double hydroxylation led us to 
examine its generality in corticoid synthesis. Oxidation of 51 with 
1 .O equiv of mCPBA in the presence of excess powdered K H C 0 3  
in CHzCIz produced enol silyl ether 52 in a surprising 9 1 % yield. 
The reaction enables regio- and chemoselective activation of the 
C(2 1) position under practically neutral conditions. If K H C 0 3  
was omitted, a considerable amount of 17-hydroxy ketone 54 
formed, presumably owing to protonolysis of an intermediary 
epoxide 53. Alternatively 51 could be oxidized in 88% yield to 
cortexolone (3)5 by slow addition of a solution of ca. 2.5 equiv 
of mCPBA. Interestingly, when 51 was added to mCPBA, an- 
drosterone 55 was obtained in 68% yield presumably due to 
Baeyer-Villiger oxidation of either 54 or 3. 

In another example, the acetoxy enone 56 (Scheme V) was 
hydrosilated in the presence of Wilkinson's catalyst (88%), and 
the resultant silyl ether 57 was double-hydroxylated to 58, the 
triacetate 59 of which has been used as an intermediate of com- 

(B) Double Hydroxylation: 

(40) (a) Brook. A. G.; Macrae, D. M. J .  Organomet. Chem. 1974, 77, C19. 
(b) Rubottom, G. M.; Vazquez, M. A,; Pelegrina, D. R. Tetrahedron Lett. 
1974, 4319. (c) Hassner, A,; Reuss, R. H.; Pinnick, H. W. J .  Org. Chem. 
1975, 40, 3427. 



6262 J .  Am. Chem. Soc., Vol. I 1  1, No. 16, 1989 

Scheme IV 
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mercial production of corticosteroids.1° 
As mentioned in a previous paragraph, Me,SiCI dramatically 

accelerates conjugate addition of catalytic organocopper reagent, 
thereby greatly improving the chemoselectivity.20 Combined use 
of the Me3SiC1-acceleration technology and the double- 
hydroxylation procedure led to the rapid construction of phar- 
macologically important 16-methyl-17,21-dihydroxy structure 
found in some corticoid drugs (cf. 5 and 6 ) .  Thus, the dienone 
50 was treated with 1.2 equiv of MeMgBr in the presence of 
Cu+(cation)/Me3SiC1/HMPA to obtain a 98:2 geometrical 
mixture of the silyl ethers 60 in 94% isolated yield, whose dou- 
ble-bond geometry has not been assigned. The isomeric rela- 
tionship between these products was established by conversion of 
each separated isomer to the same double-hydroxylation product 
61 (86%). The stereochemistry of the 16a-methyl group was 
assigned on the basis of the well-established steric bias in the D 
ring.9 
(C) Stereochemistry of the Ene Reaction of the CD Ring 

Precursor. Although the intramolecular ene reaction is one of 

61 
h 

the most important ring-forming reactions that provides access 
to 1,2-cis-disubstituted cyclopentanes,22 rules that  could predict 
the preferential formation of the 16a,I7a-isomer 15 have been 
lacking. 

Since molecular models are virtually incapable of handling the 
effects of bond distortions and long-range steric interactions, 
analysis of the stereochemistry of the ene cyclization of 14 using 
molecular models offered only poor rationalization of experimental 
results. Computational models being able to keep track of these 
 factor^,^^,^^ we have examined this case by using molecular me- 
chanics calculation. 

(41) (a) Still, W. C.; Galynker, I .  Tetrahedron 1981, 3981. (b) Still, W .  
C.; MacPherson, L. J.; Harada, T.; Callahan, J .  F.; Reingold, A. L. Terra- 
hedron 1984, 40, 2275. (c) Nakamura, E.; Fukazawa, Y. J .  Synth. Org. 
Chem., Jpn. 1987, 45, 1044. 

(42) Moreland, D. W.  The Investigation of Organic Reaction Mechanisms 
with Molecular Mechanics. Ph.D. Thesis, University of California, Berkeley; 
1984; Chem. Absfr .  1985, 102, 203385b. 
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Ground-state analysis (MM2)25 of the C D  ring precursor 14 
indicated that the conformers leading to the formation of 15 (e.g., 
I )  are more stable than those affording 16 (Le., J) by 1-2 kcal/mol 
mainly due to the greater A1q3-strain between C(18) and C(21) 
methyl groups in J than the A13*-strain in I. 
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of closely related diastereoisomeric structures, would help chemists 
make synthetic plans with greater confidence than simple ma- 
nipulation of molecular models. 

Experimental Section 
Keto Ester 13. A T H F  solution of (2-methyl-I-propeny1)magnesium 

bromide (0.47 M, 8.5 mL, 4.0 mmol) was added to a suspension of 
CuBr.Me2S (78 mg, 0.38 mmol) in T H F  (5 mL) at  -78 "C. A mixture 
of 4-[(tert-butoxycarbonyl)methyl]-3-methyl-2-cyclohexen- I -one ( 1  1; 
0.542 g, 2.53 mmol) and trimethylsilyl chloride (2.2 mL, 17 mmol) in 
2 mL of T H F  was added to the suspension over a period of 5 min. The 
mixture was stirred at  -78 "C for 40 min, quenched by addition of 1 N 
HCI (3 mL) and T H F  (3 mL), and diluted with methanol until a ho- 
mogeneous solution was obtained. After the solution was stirred for 2 
h at room temperature, solid sodium chloride and hexane was added. The 
organic layer was separated and washed twice with 1 N HCI, and the 
aqueous layer was extracted twice with hexane. The combined organic 
extracts were washed with a saturated sodium bicarbonate and with 
brine, dried over magnesium sulfate, and concentrated to obtain a crude 
product. Chromatographic purification on silica gel (10% ethyl ace- 
tatejhexane) afforded the desired keto ester 13 (0.55 g,  78%). The 
product was homogeneous by GLC analysis: 1R (neat) 1714 (s) cm-'; 
' H  N M R  (60 MHz,  CCI,) 6 0.97 (s, 3 H),  1.2-2.6 (envelope, 24 H,  
including s, 9 H at 1.42 and m, 6 H at  1.63-1.77), 4.85-5.04 (m,  1 H); 
GLC (PEG-ZOM, C T  170 "C) retention time 29.2 min. Anal. Calcd 
for C17H2803: C ,  72.82; H,  10.06. Found: C ,  72.98; H,  10.10. 

Olefinic Aldehyde 14. Lithium aluminum hydride (85 mg, 2.2 mmol) 
was added to an ethereal solution (5 mL) of the keto ester 13 (191 mg, 
0.681 mmol) a t  0 OC, and the mixture was stirred at room temperature 
for 1 h .  The standard workup for LAH reaction gave the crude diol, 
which was used in the next step without purification. To a cooled (-55 
"C) solution of oxalyl chloride (0.20 mL, 2.3 mmol) in  methylene chlo- 
ride (5 mL) was added dimethyl sulfoxide (0.32 mL, 4.5 mmol). After 
2 min the crude diol in methylene chloride (2 mL) was added slowly 
during 3 min. The mixture was stirred at  that temperature for 20 min, 
and triethylamine (1.3 mL, 9.3 mmol) was added in one portion. The 
reaction mixture was warmed to room temperature, washed with water 
and with brine, dried, and concentrated to obtain a crude product. 
Chromatographic purification on silica gel (30% ethyl acetate/hexane) 
yielded 110 mg of the olefinic aldehyde 14 (78%) as a colorless oil: IR 
(neat) 1710 (s) cm-I; 'H N M R  (60 MHz, CC1,) 6 1.00 (5, 3 H), 1.2-2.8 
(m, 15 H, including m, 6 H a t  1.70-1.83), 4.90-5.13 (m, 1 H),  9.63-9.77 
(m, 1 H) .  Anal. Calcd for CI3H2,,O2: C ,  74.96; H ,  9.68. Found: C, 
75.10; H,  9.54. 

trans-Hydrindanone 15. To a methylene chloride solution (20 mL) 
of the olefinic aldehyde 14 (383 mg, 1.84 mmol) was added a hexane 
solution of dimethylaluminum chloride (1.4 M,  1.35 mL, 1.9 mmol) a t  
0 OC during 10 min, and the reaction mixture was kept at that temper- 
ature for 15 min. After slow addition of 1 N HCI, the mixture was 
diluted with ether. The organic layer was washed twice with 1 N HCI, 
with saturated sodium bicarbonate and then with brine. Column chro- 
matography on silica gel eluted by 40% ethyl acetatejhexane gave the 
trans-hydrindanone 15 as a brownish oil (277 mg, 72%): IR (neat) 3340 
(br), 1700 (s), 890 (m) cm-I; IH N M R  (60 MHz, CCI,) 6 0.90 (s, 3 H), 
1.4-2.6 (envelope, 14 H,  including br s, 3 H at  1.79), 4.10-4.50 (m, 1 
H), 4.83-5.07 (m, 2 H) .  

Keto Ester 27a Due to Homoenolate Addition. To an acetonitrile 
solution of sodium iodide (19.1 g, 127 mmol) were added an acetonitrile 
solution (20 mL) of the hydrindanone 15 (6.7 g. 32 mmol), triethylamine 
(22.7 mL, 163 mmol), and chlorotrimethylsilane (16.0 mL, 126 mmol). 
The mixture was stirred at  room temperature for 40 min and extracted 
four times with hexane. The extract was then washed with saturated 
sodium bicarbonate and with brine and dried, and the solvent was re- 
moved under reduced pressure. The crude enol silyl ether 25 was dis- 
solved in  acetonitrile (50 mL) ,  to which palladium acetate (7.0 g, 31 
mmol) was added, and the mixture was stirred at room temperature for 
5 h .  Most of the solvent was removed in vacuo, and the residue was 
extracted with ethyl acetatejether. The extract was filtered through 
silica gel, and the filtrate was concentrated to obtain the enone 26a, which 
was used for the next step after simple purification by short silica gel 
column chromatography (30% ethyl acetate/hexane). To a cooled (0 "C) 
mixture of the enone 26a and CuBr.Me2S (813 mg, 3.95 mmol) in T H F  
(100 mL) were added sequentially a T H F  (IO mL) solution of zinc 
homoenolate16 (58 mmol), H M P A  (IO mL, 57.5 mmol), and BF,.0Et2 
(13 mL, 106 mmol). After stirring at  room temperature for 3 h ,  the 
reaction mixture was poured into a column of alumina and kept there for 
5 h a t  room temperature. The column was eluted by ether to obtain a 
mixture of 27a and its 16-trimethylsilyl ether. Treatment of the mixture 
with aqueous HCI afforded pure 27a, which was used for the next step 
without purification: IH N M R  (200 MHz,  CDCI,) 6 0.952 (s,  3 H) ,  

I 

d -, 3 '35 
-d 

L 0 95 kcai/mol 1 2 2  
K 0 kca l /mo l  

15 16 
The ground-state consideration was thus in line with the ex- 

perimental observations. Nonetheless, we felt that use of a more 
transition-state-oriented calculation, which may incorporate the 
spirit of Houk's a b  initio MM2 should give us a more 
reliable picture of the stereoselectivity. The ene cyclization 
catalyzed by 1 equiv of MezAICl a t  low temperature has been 
considered to be kinetically c ~ n t r o l l e d . ~ ~  

Transition-state structures of the ene reaction of propene with 
ethylene and with formaldehyde have recently been ~ a l c u l a t e d . ~ ~  
They are remarkably similar to each other, implying that the 
transition structure of the ene reaction is relatively insensitive to 
variation of the nature of the reactants: the lengths of the forming 
C?,2-CS,2 bond i n  the transition state of the reaction of propene 
with formaldehyde and that with ethylene have been calculated 
to be 2.016 and 2.1 1 A, respectively. 

We  postulated "reactive conformations" leading to 15 and 16, 
wherein two reacting sp2 carbons (pro-C( 16) and C( 17)) in the 
stable ground-state conformers, I and J, are forced to stay a t  a 
distance of 2.016 A (a 2.1 1-8, distance gave essentially the same 
conclusion). These structures were then optimized with this 
constraint to obtain stable conformers, 16a,l7a-conformer (K) 
and its alternative (L), the latter being less stable by 0.95 kcal/mol. 
In  both of the optimized "reactive conformers", the distance be- 
tween the aldehyde oxygen and the starred methyl carbons bearing 
the transferred hydrogen needs only decrease from 3.05-3.16 to 
2.56 8, to attain the a b  initio transition-state geometry. Thus, 
the calculated energy difference of 0.95 kcal/mol that represents 
a 85: 15 ratio a t  0 OC provides a reasonable estimate of the steric 
effects i n  the two diastereomeric transition states leading to 15 
and 16. 

The reasonable correlation between the experimental and the 
computational results is rather surprising in view of the rather 
arbitrary choice of parameters. There is little doubt however that 
computational models, used in a discrete fashion for comparison 

(43) Houk, K. N.; Paddon-Row, M .  N.; Rondan, N. G.; Wu, Y. D.; 
Brown, F. K.; Spellmeyer, D. C.; Metz, J. T.; Li, Y.; Loncharich, R. J. Science 
1986, 231, 1108. 

(44) Marshall, J. A,; Grote, J.; Audia, J. E. J .  A m .  Chem. Sac. 1987, 109, 
2105. 

(45) Loncharich, R .  J.; Houk, K. N. J .  Am.  Chem. Sac. 1987. 109.6947. 
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1.236 (d, 6 H, J = 6.4 Hz), 1.86-2.54 (envelope, 17 H,  including s, 3 H 
at  1.84), 4.34-4.49 (m, 1 H), 4.964 (br s, 1 H), 5.006 (qq, 1 H, J = 6.3 
Hz), 5.137 (br s, 1 H).  

(tert-Butyldimethy1)silyl Ether of 27a. The crude homoenolate adduct 
27a, 4-(dimethylamino)pyridine (507 mg, 4.2 mmol), triethylamine (3.6 
mL, 25.8 mmol), and (tert-butyldimethy1)silyl chloride (4.3 g, 28.5 
mmol) were dissolved in D M F  (30 mL) and stirred at  60 "C for 5 h. The 
reaction mixture was poured into a vigorously stirred, ice-cooled mixture 
of hexane and aqueous sodium bicarbonate. The aqueous layer was 
separated and extracted three times with ether, and the combined organic 
extracts were washed with brine, dried, and concentrated to obtain a 
crude product. Chromatographic purification on silica gel eluted by 25% 
ethyl acetate/hexane afforded the (tert-butyldimethyl)silyl ether of 27a 
(6.16 g, 44% four steps from 15): IR (neat) 1720 (s), 1710 (s) cm-I; 
' H  N M R  (60 MHz, CC14) 6 0.02 (s, 3 H) ,  0.03 (s, 3 H), 0.90 (s, 9 H) ,  
0.97 (s, 3 H), 1.0-2.6 (envelope, 22 H ,  including d,  6 H,  J = 7 Hz at  1.25 
and br s, 3 H at  1.80), 4.2-4.5 (m, 1 H), 4.6-5.2 (m, 3 H); ',C N M R  
(50 MHz,CDCI,) 6 210.16, 172.39, 140.62, 114.75, 73.56, 67.40, 62.21, 
54.48, 52.35, 46.08, 46.08, 37.91, 35.29, 31.38, 29.83, 25.69, 25.57, 21.64, 
17.76, 15.48, -4.59, -5.17. 

Keto Acid 28. The silylated keto ester (4.28 g, 9.8 mmol) and po- 
tassium hydroxide (1.9 g, 34 mmol) were dissolved in water (50 mL)/ 
ethanol (I 50 mL) and warmed to 45 "C for 1.5 h. The reaction mixture 
was neutralized by addition of tartaric acid (2.5 g, 17 mmol) and most 
of ethanol removed under reduced pressure. The residue was diluted with 
methylene chloride and water, and additional tartaric acid (5.0 g) was 
added to make the mixture acidic (ca. pH 2). The aqueous layer was 
extracted three times with methylene chloride, and the combined organic 
extracts were washed with water. Tartaric acid was removed by filtration 
to obtain a yellow oil. Chromatographic purification on silica gel (ethyl 
acetate/hexane/acetic acid (30:70:1)) yielded the keto acid 28 (3.1 g, 
80%) as white crystals. A portion was recrystallized from hexane to 
obtain white plates, which melted at  122-123 "C: IR (neat) 2250-3500 
(s), 1730 (m),  1705 (m),  1665 (s), 1250 (m), 1210 (m), 835 (m), 775 
(m), 730 (m) cm-I; IH N M R  (200 MHz,  CDCI,) 6 0.01 (s, 3 H),  0.04 
(s, 3 H),  0.86 (s, 9 H), 0.97 (s, 3 H) ,  1.02-2.54 (envelope, 16 H,  in- 
cluding s, 3 H at  l.78), 4.34-4.46 (m, 1 H),  4.88 (br s, 1 H),  4.95 (br 
s, 1 H),  10.03 (br s, I H);  13C N M R  (50 MHz, CDCI,) 6 210.93, 179.11, 
140.69, 114.96, 73.63, 62.31, 54.61, 52.45, 46.26, 46.12, 37.95, 35.47, 
31.04, 29.61, 25.82, 25.73, 17.91, 15.66,-4.46,-5.05. Anal. Calcd for 
C22H3804Si: C ,  66.96; H ,  9.71. Found: C ,  66.71; H,  9.81. 

Tertiary Alcohol 35 Due to Addition of Isopropenyllithium to 28. To 
a cooled (-78 "C) T H F  solution of the keto acid 28 (166 mg, 0.42 mmol) 
was added isopropenyllithium in ether (0.45 M, 3.7 mL, 1.7 mmol), and 
the reaction mixture was stirred for 20 min a t  that temperature before 
removal of the cooling bath. After stirring at  room temperature for 1 
h, the reaction mixture was added rapidly to a stirred solution of acetic 
acid ( 1  mL) in ethyl acetate (4 mL). Water was added and the aqueous 
phase extracted twice with ether. The combined organic extracts were 
then dried and concentrated to obtain the tertiary alcohol 35. Chroma- 
tographic purification on silica gel (1 5% ethyl acetate/hexane) afforded 
the pure 35 (172 mg, 89%) as a colorless oil: IR (neat) 3480 (br), 1670 
(s), 1630 (sh), 1250 (w), 1095 (m), 925 (w), 835 (m),  770 (w) cm-I; 'H 

H), 1.07-1.89 (envelope, 23 H, including s, 3 H at 1.274, s, 3 H at  1.753, 
s, 3 H at 1.769, and s, 3 H at  1.856), 2.23-2.39 (m, 1 H), 2.63-2.79 (m, 
2 H), 4.26-4.40 (m, I H),  4.764 (br s, 1 H) ,  4.854 (br s, 2 H),  5.010 (br 
s, 1 H) ,  5.745 (br s, 1 H) ,  5.942 (br s, 1 H) .  Anal. Calcd for 
C28H,803Si: C ,  72.99; H,  10.50. Found: C, 73.01; H,  10.53. 

Diels-Alder Adduct 37. The tertiary alcohol 35 (48.0 mg, 0.104 
mmol) was dissolved in 1 m L  of THF.  A THF (0.5-mL) solution of 
Burgess' salt (Et,N+SO2N-CO2Me, 34.0 mg, 0.144 mmol) was added 
and the reaction mixture stirred for 30 min at  room temperature. 
Phosphate buffer (0.1 N ,  pH 7.4) was added, and the solvent was re- 
moved in vacuo. The residue was partitioned between ether and brine 
and the aqueous layer extracted four times with ether. The combined 
organic extracts were washed three times with brine, dried, and concen- 
trated to obtain a colorless oil. T L C  showed that a small amount of the 
Diels-Alder adduct had been formed during workup. The oil was quickly 
dissolved in methylene chloride (3 mL) and cooled to 0 "C. Trifluoro- 
acetic acid (0.015 mL, 0.10 mmol) was added, and the mixture was 
stirred for 35 min. After addition of triethylamine (0.015 mL, 0.1 1 
mmol), the mixture was diluted with ether and washed with saturated 
aqueous sodium bicarbonate. The aqueous phase was extracted four 
times with ether, and the combined organic extracts were washed with 
brine, dried, and concentrated to obtain a yellow oil. Chromatographic 
purification on silica gel (3-5% ethyl acetate/hexane) afforded an inse- 
parable mixture of the Diels-Alder adduct 37 and 41 (37.8 mg, 82% from 
35, 3741 = 93:7 based on the G L C  area, I?/ = 0.26 for 5% ethyl ace- 
tate/hexane), accompanied by an uncyclized olefinic regioisomer 40 (6.2 

N M R  (200 MHz, CDCI,) 6 0.000 (s, 3 H) ,  0.020 (s, 3 H) ,  0.839 (s, 9 
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mg, 13% RJ =, 0.35 for 5% ethyl acetate/hexane) formed during the 
initial dehydration reaction: GLC (OV-101, C T  240 "C) retention times 
27.2 min (40), 44.1 min (37), 48.9 min (41). 

37 + 41: IR (neat) 1690 (s), 1245 (m), 1080 (w) cm-I; 'H  N M R  (200 

3 H),  1.243 (s, 3 H) ,  1.49-2.57 (envelope, 22 H,  including br s, 3 H at  
1.576 and s, 3 H a t  1.812), 4.353 (dt, 1 H ,  J = 3.1, 7.0 Hz),  4.884 (br 
s, 1 H),  4.926 (br s, 1 H), characteristic signal of 41 1.023 (s). Anal. 
Calcd for C2,H,,o2Si: c, 75.96; H ,  10.47. Found: C, 76.03; H, 10.48. 

40: IR (CHCI, solution) 1668 (s), 1624 (w), 1600 (w), 1372 (m), 
1252 (m), 1090 (s), 892 (m) cm-I; 'H  N M R  (200 MHz,  CDCI,) 6 0.00 
(s, 3 H) ,  0.02 (s, 3 H), 0.861 (s, 9 H), 1.075 (s, 3 H),  1.1 1-1.93 (en- 
velope, including br s, 3 H,  a t  1.836 and br s, 6 H,  a t  1.885), 1.98 (d, 
1 H, J = 7.1 Hz), 2.20-2.60 (m, 2 H) ,  2.76 (dt, 2 H ,  J = 6.0, 10 Hz), 
4.392 (dt, 1 H ,  J = 3.1, 7.1 Hz),  4.852 (br s, 1 H) ,  4.945 (br s, 2 H),  
4.976 (br s, 1 H), 5.791 (br s, 1 H), 5.995 (br s, 1 H),  6.134 (br s, 1 H). 

Tetraketone 38. The Diels-Alder adducts (37 and 41; 93:7, 75.2 mg, 
0.170 mmol) were dissolved in a mixture of methanol (4 mL) and 
methylene chloride (4 mL) and cooled to -78 "C. A stream of ozone in 
oxygen was bubbled until the solution turned blue. Excess ozone was 
purged by nitrogen gas and dimethylsulfide ( I  mL) added. The solution 
was warmed to room temperature and then stirred for 1 h. The solvent 
was removed in vacuo, leaving a brown oil, which was purified by column 
chromatography on silica gel (30-40% ethyl acetate/hexane) to obtain 
the tetraketone 38 as white crystals (64.8 mg, 80% containing ca. 5% of 
the C-IO epimer). Recrystallization from hexane gave pure 38 (white 
needles, mp 141-143 "C), which was used in  the next step: IR (CHCI,) 
1704 (s), 1366 (m), 1165 (m). 1078 (m) cm-I; 'H  N M R  (200 MHz,  
CDC13) 6 0.097 (s), 0.849 (s), 1.106 (s), 1.228 (s), 1.31-1.51 (m),  
1.77-2.57 (envelope, including s a t  2.099 and s a t  2.131), 2.660 (d, J = 
8.0 Hz), 2.979 (d, J = 14.3 Hz), 4.857 (dt, J = 3.4, 7.0 Hz); "C N M R  

57.23, 56.42, 49.12, 49.04, 43.84, 38.68, 38.48, 35.76, 33.08, 30.42, 30.10, 
29.81, 25.61, 21.85, 17.62, 15.31, 15.31,-3.73,-5.34. Anal. Calcd for 
C2,H4,05Si: C ,  68.03; H,  9.30. Found: C ,  67.88; H ,  9.16. 

11-Keto-16-dehydroprogesterone (39). A benzene ( 1 . 1  mL) solution 
of the tetraketone 38 (15.4 mg, 0.0323 mmol) and DBU (0.050 mL, 0.33 
mmol) in  a sealed tube was degassed by several freeze/thaw cycles and 
heated at  230 "C for 3 h. The reaction mixture was diluted with 
methylene chloride and washed three times with 1 N HCI. The combined 
organic extracts were washed with saturated aqueous sodium bicarbonate 
and with brine, dried, and concentrated to obtain a crude product. 
Chromatographic purification on silica gel eluted with 50% ethyl ace- 
tate/hexane gave the desired compound 39 (white crystals, 7.9 mg, 75%). 
A portion was recrystallized from ether, giving white needles with mp 
199-201 "C: IR (CHCI,) 1696 (s), 1660 (s) cm-I; ' H  N M R  (200 MHz, 
CDCI,) 6 0.885 (s), 1.422 (s), 1.43-2.60 (envelope, including s a t  2.281), 
2.77-2.91 (m),  3.123 (d, J = 12.0 Hz),  5.714 (br s), 6.73-6.79 (m). 
Anal. Calcd for C21H2603: C ,  77.27; H, 8.03. Found: C, 77.17; H, 8.05. 

Enol Silyl Ether 47. A mixture of 39 (22.4 mg, 0.0686 mmol), tri- 
propylsilane (0.0144 mL, 0.0689 mmol), and Wilkinson's catalyst (4.1 
mg, 0.0044 mmol) was dissolved in THF (0.4 mL) and heated in a sealed 
tube at  65 "C for 38 h. The solvent was removed under reduced pressure, 
and the residue was purified by column chromatography on silica gel 
(20% ethyl acetate/hexane) to obtain the enol silyl ether 47 (21.9 mg, 
89% on 74% conversion), accompanied by the recovery of the starting 
material (5.9 mg, 26%): IR  (neat) 1700 (s), 1670 (s), 1232 (m) cm-'; 
' H  N M R  (200 MHz,  CDCI,) 6 0.54-0.69 (m), 0.830 (s), 0.965 (d, J = 
7.1 Hz), 1.14-2.54 (envelope, including s a t  1.409 and br s at 1.792), 2.79 
(d, J = 13 Hz),  5.73 (br s) .  

Cortisone ( 1 )  via Double-Hydroxylation Reaction of 47. To a cooled 
(0 "C) mixture of finely powdered, dry potassium bicarbonate (85 mg, 
0.85 mmol) and the enol silyl ether 47 (21.0 mg, 0.0433 mmol) in 
methylene chloride ( 3  mL) was added a methylene chloride ( 1  mL) 
solution of mCPBA (8570, 22.3 mg, 0.129 mmol) over a period of I h. 
After the solution was stirred at  0 "C for 15 min, aqueous sodium thio- 
sulfate was added and the mixture stirred at  room temperature for IO 
min. The aqueous phase was separated and extracted three times with 
methylene chloride. The combined organic extracts were concentrated, 
and the resultant oil was dissolved in T H F  ( 1  mL) and acidified to ca. 
pH 1 with 1 N HCI. After 15 min at  room temperature most of T H F  
was removed and the residue partitioned between methylene chloride and 
saturated aqueous sodium bicarbonate. The aqueous layer was separated 
and extracted three times with methylene chloride. The combined or- 
ganic extracts were washed with brine, dried, and concentrated to yield 
a crude product. Recrystallization from ethanol/benzene gave cortisone 
( 1 ;  8.1 mg) as white crystals. The mother liquid was then concentrated 
and purified by column chromatography on silica gel (5% methanol/ 
chloroform) to obtain an additional crop of 1 (4.8 mg, total 12.9 mg, 
83%). A portion was recrystallized from ethyl acetate to obtain white 

MHz, CDCI,) 6 0.007 (s, 3 H),  0.022 (s, 3 H), 0.858 (s, 9 H),  1.057 (s, 

(50 MHz,  CDCI3) 6 213.12, 210.55, 207.63, 204.75, 72.49, 69.75, 65.75, 
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needles with mp 212-215 OC dec (lit.2 mp 215 OC for (+)-cortisone). 
The synthetic material was identical with an authentic (optically active) 
sample by 200-MHz 'H N M R  and 50-MHz ''C N M R  and TLC mo- 
bility under different conditions (50% ethyl acetate/hexane X 3, R/ = 
0.29; 75% ether/hexane X 7 ,  Rf = 0.26; 40% ethyl acetate/benzene X 

Adrenosterone 49. To a stirred mixture of potassium bicarbonate (88 
nig, 0.88 mmol) and mCPBA (80%, 17.2 mg, 0.080 mmol) in  methylene 
chloride ( I  mL) was added a methylene chloride solution of the enol silyl 
ether 47 (16.5 mg, 0.034 mmol) at 0 OC over a period of 30 min. After 
t h e  solution was stirred at 0 OC for 4 h, aqueous sodium thiosulfate was 

3, R/ = 0.29). 

(*)-adrenosterone (49; 5 .1  mg, 50%) as white crystals. The synthetic 
material was identical with authentic sample by IR, 200-MHz ' H  NMR. 
and TLC mobility (Rf = 0.40 for 50% ethyl acetate/hexane X 2; Rf = 
0.28 for 30% ethyl acetate/benzene X 3). 

Acknowledgment. W e  thank the Ministry of Education, 
Culture, and Science (Grant-in-Aid for Special Research), the 
Naito Foundation, the Iwaki Foundation for financial support, 
and Prof. G. Stork for provision of an authentic spectrum of the 
compound 34. 

added, and then the mixture was stirred at room temperature. The 
aqueous phase was extracted three times with methylene chloride, and 
the combined organic extracts were washed with brine, dried, and con- 
centrated to obtain a crude mixture, which was purified by column 
chromatography on silica gel (50% ethyl acetate/hexane) to obtain 
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Abstract: Atom transfer cyclization reactions provide a nonreductive complement to the tin hydride method for conducting 
radical cyclizations. Three useful sets of reaction conditions (portionwise or syringe pump addition of catalytic tributyltin 
hydride and photolysis with catalytic hexabutylditin) for the isomerization of hex-5-ynyl iodides to (iodomethy1ene)cyclopentanes 
have been developed. To illustrate the generality of this new reaction, a series of mono- and polycyclic derivatives (both fused 
and spiro) has been prepared. All evidence indicates that a two-step chain mechanism operates. In addition to the requirement 
for a normal initiation step, a trap for iodine must be present for the reaction to proceed. This important function is performed 
by the tin additive. The first-formed hexynyl radical closes in a 5-exo fashion to provide a cyclopentylidene radical. This 
v inyl  radical then rapidly abstracts an iodine atom from the starting alkyl iodide ( k ,  = (2-5) X lo8 M-l s-I at 30 "C). 
Stereochemical trends in the formation of ( E ) -  and (Z)-vinyl iodides are analyzed with the aid of a Curtin-Hammett kinetic 
scheme. The observation of identical ratios of stereoisomers from isomeric starting iodides provides strong evidence for this 
mechanistic picture and demonstrates that the inversion of the intermediate radicals is more rapid than iodine atom transfer. 
In  the formation of the spiro rings, products derived from 1,Shydrogen atom transfer have been isolated along with the expected 
vinyl iodides, and a proposal that the atom-transfer reactions of intermediate vinyl radicals are faster than chair-chair 
interconversions of substituted cyclohexanes is considered. Cyclizations of a series of 4-tert-butylcyclohexane derivatives have 
demonstrated that hexynyl radicals have a small preference for equatorial attack, while hexenyl radicals have a small preference 
for axial attack. 

'The trialkyltin hydride mediated cyclization of hex-5-enyl and 
hex-5-ynyl halides (and related radical precursors) has rapidly 
become an important method for the formation of carbocyclic and 
heterocyclic rings (Figure 1 ) . 2  Tin hydride is a valuable reagent 
to mediate radical chain reactions because it (1) generates radicals 
site-selectively, (2) provides these radicals with some solution 
lifetime to undergo desired reactions, and (3) traps the product 
radicals by hydrogen atom transfer before nonproductive radi- 
cal-radical or radical-molecule reactions can occur. Inherent 
limitations of tin hydride reagents are well recognized and include 
( I )  the difficulty to conduct slow cyclization or addition reactions 
due to competing reduction of the starting radical, (2) the difficulty 
to establish different lifetimes for intermediate radicals3 due to  
similarities in rates for the reaction of many radicals with tin 
hydride, and (3) the necessity to terminate a radical sequence by 
hydrogen atom transfer (a  net reduction always results). This 
last limitation is particularly troublesome if functionality is re- 
quired in the cyclic product for subsequent synthetic transfor- 
mations (Figure I ) .  Reagents that mediate the "nonreductive" 
cyclization and addition reactions of radicals have been the focus 
of recent r e s e a r ~ h . ~ . ~  

'Taken in part from the Ph.D. theses of M.-H.C. (1987) and D.K. (1988). 

Scheme I 

3a X = Br 
3b X = I  

A9.12 -capeIlene 

The  atom transfer addition (or cyclization) of a C-X bond 
across a carbon-carbon multiple bond (Figure 2) is a Khar- 

( 1 )  Sloan Foundation Fellow, 1985-87; Dreyfus Teacher-Scholar, 1985- 
89; Eli Lilly Grantee, 1985-87; Merck Faculty Development Awardee, 
1986-87; Recipient of a National Institutes of Health Career Development 
Award. 1987-92. 
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