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Product 1 6  IR 1770, 1731 cm-I; IH NMR 8 1.31 (t, J = 7, 3 H), 
1.63 (s, 3 H), 2.72 (d, J = 9, 1 H), 3.56 (d, J = 9, 1 H), 4.21 (q, J = 
7, 2 H); MS 114 (65%, M* - COS), 99 (47%, M+ - COS - CH,), 86 
(70'36, M" - COOC2Hs - CH,), 69 (loo%, M+ - COS - OCZH,), 45 
(loo%, C2H50+).  

Reaction of S-  Alkyl 2-(Bromomethyl)-4-mesityl-2-methylbutanethioate 
and S-Alkyl w-Aryl-2-(bromomethyl)-2-(ethoxycarbonyl)alkanethioate 
with Tributylstannane. All the experiments were carried out in a same 
way, and the reaction of S-ethyl 2-(bromomethyl)-4-mesityl-2-methyl- 
butanethioate is described as a representative. For the bromide corre- 
sponding to cobaloxime 1 (Br instead of [Co] in structure 1) (0.21 g, 0.5 
mmol), tributylstannane (0.17 g, 0.6 mmol) and AIBN (1 mg) were 
dissolved in 10 mL of benzene to make the concentration of 50 mmol/L 
for the bromide and 60 mmol/L for tributylstannane. The mixture was 
refluxed for 4 h under nitrogen, and the condensate of the reaction 
solution was separated by silica gel chromatography (5 X 10 cm) into 
hexane eluate (tributylstannyl bromide) and benzene eluate. Kugelrohr 
distillation of the benzene eluate gave 0.15 g (89%) of product 4 (R = 
Et), which was identified with the product from cobaloxime 1. 

The reactions were also carried out in different concentration (0.1 
mol/L and 1.0 mmol/L) by changing the volume of the solvent, but the 
results were essentially same except the yields of the products. The 
reaction of S-terr-butyl 2-(bromomethyl)-2-(ethoxycarbonyl)-5-phenyl~ 
pentanethioate (Br instead of [Co] in structure 2), however, gave a 
8-thiolactone derivative 9 as a minor product. 
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Abstract: Chiral, phosphite-containing a,fl-unsaturated ketones of the general structure RCH==CHC(==O)CH(t-Bu)OP(OEt), 
(3) have been synthesized as specially designed chelating ligands that permit the highly diastereofacial selective coordination 
of the conjugated enone moiety to transition metals. The coordination of these ligands with iron carbonyl units has been studied 
in detail, and the structures of three of the resulting complexes rac-5a, rac-6a, and (S)-5b have been determined by single-crystal 
X-ray diffraction. Conjugate addition to one of these complexes has demonstrated the potential utility of these systems in 
asymmetric synthesis. 

Asymmetric synthesis is an  intensively studied area of chem- 
i ~ t r y . ~ , ~  Of special interest to  us a re  methods tha t  permit the 
diastereofacial selective coordination of a prochiral face of an  
alkene or other *-systems to a transition metaL5 Subsequent 
addition reactions of the coordinated double bond are  then ex- 
pected to proceed with control of the configurations of the resulting 
adducts. Our goal is to  design systems tha t  employ chelation 
effects6 to  induce diastereofacial selective coordination in a com- 
pletely predictable fashion so that the overall products of coor- 
dination and then addition will possess predictable configurations. 
Various aspects of chelation and functional group directing effects 

'This paper is dedicated to Professor E. J .  Corey on the occasion of his 60th 
birthday. 
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Figure 1. X-ray crystal structure of rac-5a. 

We now report the initial stages of our investigations in this 
area. This first paper is concerned primarily with the design and 

(1) Taken in part from the Ph.D. Dissertation of D.J.J., State University 
of New York at Stony Brook, 1986. 

(2) (a) University of Notre Dame. (b) State University of New York at 
Stony Brook. (c) Address correspondence to this author at Notre Dame. (d) 
Institut fur Organische Chemie. 

(3) For some reviews of asymmetric synthesis, see: (a) Stereochemistry 
of Optically Active Transition Metal Compounds; Douglas, B. E., Saito, Y., 
Eds.; American Chemical Society: Washington, DC, 1980. (b) Bosnich, B.; 
Fryzuk, M. D. Top. Stereochem. 1981, 12, 119. (c) Kagan, H. B. In Com- 
prehensive Organometallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, 
E. W., Eds.; Pergamon: Oxford, 1982; Vol. 8, pp 463-498. (d) Eliel, E. L. 
Top. Curr. Chem. 1982, 105, 1 .  (e) Consiglio, G.; Pino, P. Ibid. 1982, 105, 
77. (f) Evans, D. A.; Nelson, J. V.; Taber, T. R. Top. Stereochem. 1982, 13, 
1 .  (g) Brown, J. M.; Chaloner, P. A. In Homogeneous Catalysis with Metal 
Phosphine Complexes; Pignolet, L. H., Ed.; Plenum: New York, 1983; pp 
137-165. (h) Asymmetric Synthesis; Morrison, J. D., Ed.; Academic: Or- 
lando, 1983-1985; Vol. 1-5. (i) Meyers, A. I., Ed. Tetrahedron 1984, 40, 
1213. (j) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew. Chem., 
Int. Ed. Engl. 1985, 24, 1 .  (k) Brunner, H. J. Organomet. Chem. 1986,300, 
39. (I) Matteson, D. S. Synthesis 1986, 973. (m) ApSimon, J. W.; Collier, 
T. 1. Tetrahedron 1986, 42, 5157. 

(4) For some other recent, representative developments in asymmetric 
synthesis, but especially methods using organometallic approaches, see: (a) 
Bosnich, B.; Mackenzie, P. B. Pure Appl. Chem. 1982, 54, 189. (b) Brook- 
hart, M.; Timmers, D.; Tucker, J. R.; Williams, G. D.; Husk, G. R.; Brunner, 
H.; Hammer, B. J. Am. Chem. SOC. 1983, 105, 6721. (c) Reetz, M. T.; 
Kyung, S.-H.; Westermann, J. Organometallics 1984, 3, 1716. (d) Choi, V. 
M. F.; Elliott, J. D.; Johnson, W. S. Tetrahedron Lett. 1984, 25, 591. (e) 
Midland, M. M.; Lee, P. E. J. Org. Chem. 1985, 50, 3237. (f) Brown, H. C.; 
Bhat, K. S. J. Am. Chem. SOC. 1986, 108, 293. (8) Liebeskind, L. S.; Welker, 
M. E.; Fengl, R. W. Ibid. 1986, 108,6328. (h) Evans, D. A.; Weber, A. E. 
Ibid. 1986, 108, 6757. (i) Masamune, S.; Sato, T.; Kim, B. M.; Wollmann, 
T. A. Ibid. 1986, 108, 8279. (j) Denmark, S. E.; Weber, T.; Piotrowski, D. 
W. J. Am. Chem. SOC. 1987,109,2224. (k) Smaardijk, A. A.; Wynberg, H. 
J. Org. Chem. 1987, 52, 135. (1) Curran, D. P.; Kim, B. H.; Piyasena, H. P.; 
Loncharich, R. J.; Houk, K. N. J. Org. Chem. 1987,52, 2137. (m) Hsiao, 
C.-N.; Liu, L.; Miller, M. J. J. Org. Chem. 1987, 52, 2201. See also several 
of the references in the following footnote. 

(5) For recent leading references to the work of several research groups 
with chiral n-complexes of alkenes and other unsaturated systems, see: (a) 
Meyer, A.; Hofer, 0. J. Am. Chem. SOC. 1980, 102, 4410. (b) Franck- 
Neumann, M.; Martina, D.; Heitz, M. P. Tetrahedron Lett. 1982, 23, 3493. 
(c) Ammendola, P.; Ciajolo, M. R.; Panunzi, A.; Tuzi, A. J. Organomet. 
Chem. 1983, 254, 389. (d) Jaouen, G.; Top, S.; Laconi, A.; Couturier, D.; 
Brocard, J. J. Am. Chem. SOC. 1984, 106,2207. (e) Faller, J. W.; Chao, K.-H. 
Organometallics 1984,3, 927. (f) Auburn, P. R.; Mackenzie, P. B.; Bosnich, 
B. J. Am. Chem. SOC. 1985,107,2033. ( g )  Farrar, D. H.; Payne, N. C. Ibid. 
1985, 107, 2054. (h) Birch, A. J.; Kelly, L. F. J. Org. Chem. 1985, 50, 712. 
(i) Hosokawa, T.; Okuda, C.; Murahashi, S.-I. J. Org. Chem. 1985,50, 1282. 
(j) Gree, R.; Laabassi, M.; Mosset, P.; Carrie, R. Tetrahedron Lett. 1985, 26, 
2317. (k) Solladie-Cavallo, A.; Farkhani, D.; Dreyfuss, A. C.; Sanch, F. Bull. 
SOC. Chim. Fr. 1986, 906. (1) Consiglio, G.; Morandini, F. J. Organomet. 
Chem. 1986, 310, C66. (m) Brocard, J.; Lebibi, J.; Pelinski, L.; Mahmoudi, 
M. Tetrahedron Lett. 1986, 27, 6325. (n) Moriarty, R. M.; Engerer, S. C.; 
Prakash, 0.; Prakash, I.; Gill, U. S.; Freeman, W. A. J. Org. Chem. 1987, 
52, 153. (0) Palotai, I .  M.; Stephenson, G. R.; Kane-Maguire, L. A. P. J. 
Organomet. Chem. 1987, 319, C5. (p) Howell, J. A. S.; Squibb, A. D.; 
Walton, G.; McArdle, P.; Cunningham, D. J. Organomet. Chem. 1987, 319, 
C45. (4) Uccello-Barretta, G.; Lazzaroni, R.; Bertucci, C.; Salvadori, P. 
Organometallics 1987,6, 550. (r) Uemura, M.; Minami, T.; Yamashita, Y.; 
Hiyoshi, K.; Hayashi, Y. Tetrahedron Lett. 1987, 28, 641. (s) Green, M.; 
Greenfield, S.; Grimshire, M. J.; Kersting, M.; Orpen, A. G.; Rodrigues, R. 
A. J. Chem. SOC., Chem. Commun. 1987, 97. For other cases and older 
references, see also the reviews in ref 3. 
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the coordination studies of a specially designed a,@-unsaturated 
ketone system. The detailed study of the reactions of this and 
related 7r-derivatives will be the subject of subsequent papers, 
although in the present paper we briefly demonstrate the potential 
utility of our ligand system in asymmetric synthesis. 

Results and Discussion 
Design of the Ligand System. The general concept upon which 

our initial investigations are based is to place a metal-coordinating 
group (L) in a side chain connected to the 7r-system of interest 
and also in this side chain to have an element of chirality (indicated 
by an asterisk in the structures below) of such a nature that 
coordination of a transition metal (M) is steered to one prochiral 
face of the 7r-system. This selectivity may be driven by confor- 
mational preferences of the side chain imposed by the fixed 
configuration of the chiral element and the requisite multipoint 
attachment of the chelating ligand to the metal. Ideally, the chiral 
side chain should be easily removable after addition reactions are 
performed on the coordinated substrate. We illustrate the general 
concepts for the case of a simple alkene derivative 1 and the 
resulting chelate complex 2 (eq 1 ) .  

I -M-L/ 
L / 

1 2 

Beyond simple alkene-containing ligands, one can extend the 
above concepts to other 7r-systems that are known to form co- 
ordination complexes with transition metals. These systems may 
include diene, allyl, dienyl, allene, arene, imine, hydrazone, and 
other derivatives. We chose to begin our investigations with 

(6) With respect to related cases of chelation and coordination effects, see 
the following book for a general treatment of the subject: (a) Omae, 1. 
Organometallic Intramolecular-Coordination Compounds; Journal of Or- 
ganometallic Chemistry Library 18; Elsevier: Amsterdam, 1986. For several 
specific examples, see: (b) McCrindle, R.; Alyea, E. C.; Ferguson, G.; Dias, 
S. A.; McAlees, A. J.; Parvez, M. J. Chem. SOC., Dalton Trans. I 1980, 137. 
(c) DePue, R. T.; Collum, D. B.; Ziller, J. W.; Churchill, M. R. J .  Am. Chem. 
SOC. 1985, 107, 2131. (d) Cupertino, D. C.; Harding, M. M.; Cole-Hamilton, 
D. J. J. Organomet. Chcm. 1985,294, C29. (e) Peterleitner, M. G.; Tolstaya, 
M. V.; Krivikh, V. V.; Denisovich, L. I.; Ribinskaya, M. I.; Kravtsov, D. N. 
Bull. Acad. Sci. USSR, Diu. Chem. 1986,605. (f) Collum, D. B.; Depue, R. 
T.; Klang, J. A. Organometallics 1986, 5,  1015. (g) Cupertino, D. C.; 
Cole-Hamilton, D. J. J. Chem. SOC., Dalton Trans. I 1987, 443. 

(7) For some examples of various types of stereoselective reactions oc- 
curring with directing effects possibly due to metal coordination of functional 
groups, see: (a) Groves, J. T.; Van Der Puy, M. J. Am. Chem. SOC. 1974, 
96, 5274. (c) 
Thompson, H. W.; McPherson, E. J. Org. Chem. 1977, 42, 3350. (d) Eisch, 
J. J. J. Organomet. Chem. 1980, 200, 101. (e) Heumann, A.; Reglier, M.; 
Waegell, B. Angew. Chem., Int. Ed. Engl. 1982, 21, 366. (f) Suzuki, Y.; 
Takahashi, H. Chcm. Pharm. Bull. 1983, 31, 31. (g) Hauser, F. M.; Ellen- 
berger, S. R.; Clardy, J. C.; Bass, L. S. J. Am. Chem. SOC. 1984, 106, 2458. 
(h) Johnson, C. R.; Barbachyn, M. R. Ibid. 1984,106,2459. ( i )  Semmelhack, 
M. F.; Bodurow, C.; Baum, M. Tetrahedron Lett. 1984, 25, 3171. (j) 
Lansbury, P. T.; Mazur, D. J.; Springer, J. P. J. Org. Chem. 1985, 50, 1632. 
(k) Welch, S. C.; Chou, C.-Y.; Gruber, J. M.; Assercq, J.-M. J. Org. Chem. 
1985,50, 2668. (1) Hasegawa, K.; Matsuda, F.; Yanagiya, M.; Matsumoto, 
T. Tetrahedron Lett. 1987, 28, 1671. For a recent compilation of several 
further examples, see ref 6c. 

(8) For a recent review of asymmetric hydrogenation of alkenes controlled 
by metal-coordinated functional group directing effects, see: Brown, J. M. 
Angew. Chem., Int. Ed. Engl. 1987, 26, 190. 

(b) Holton, R. A. J. Am. Chem. SOC. 1977, 99, 8083. 



4654 J .  Am. Chem. SOC., Vol. 110, No. 14, 1988 Zhang et al. 

Scheme 111 

Ll-Bu 3 5 CH,Li. THF 
t 

HO . .76 10 + 25 'C 

OH (70%) 
(S j .11  

OH 0 
3 11 . ,. ~TsOHlO101  

H3C 

OH 

( S i - 7  

0 

Ei3N CH,CI, H3C- 

OPIOEIJ2 

8enzene.25'C H3C 
H3C/L\ / l \ / ' .nu 

(71%) OH (5546) >S Me3 

(S) .9b ( S j - 3 b  (Si-Bb 

a,fi-unsaturated carbonyl compounds because of their well-known 
ability to form reasonably stable and characterizable metal com- 
plexes9 and because of the possible use of these compounds in 
various conjugate addition,'+I2 D~els-Alder, '~ and other addition 

(9) For examples of T*-  and q4-coniplexes of a,@-unsaturated carbonyl 
compounds with transition metals, see (a) Graham, C. R.; Scholes, G.; 
Brookhart, M. J .  Am. Chem. SOC. 1977. 99, 1180. (b) King, R. B. In The 
Organic Chemistry of Iron; Koerner von Gustorf, E. A,, Grevels, F.-W., Eds.; 
Academic: New York, 1978; Vol. 1, pp 427-429. (c) Johnson, B. F. G.; 
Lewis, J.; Stephenson, G. R.; Vichi, E. I S. J .  Chem. Soc., Dalton Trans. I 
1978, 369. (d) Sacerdoti, M.; Bertolasi. V.;  Gilli, G. Acra Crystallogr. Sect. 
B: Struct. Crystallogr. Cryst. Chem. 1980, 368, 1061. (e) Roustan, J. L.; 
Guinot, A.; Cadiot, P. J .  Organomet. Chem. 1980, 194, 367. (f) Birch, A. 
J.; Raverty, W. D.; Stephenson, G. R. Tetrahedron Lett. 1980, 21, 197. (3) 
Grevels, F.-W.; Reuvers, J. G. A,; Takats. J. J .  Am. Chem. SOC. 1981, 103, 
4069. (h) Vichi, E. J. S.; Raithby, P. R. McPartlin, M. J .  Organomer. Chem. 
1983, 256, 1 1  1. (i) Howell, J. A. S.; Kola, J. C.; Dixon, D. T.; Burkinshaw, 
P. M.; Thomas, M. J. Ibid. 1984, 266, 83  and the accompanying paper. 6 )  
Einstein, F. W. B.; Jones, R. H.; Klahn-Oliva, A. H.; Sutton, D. Organo- 
metallics 1986, 5 ,  2476. For an alternative mode of coordination by means 
of carbonyl oxygen o-bonding, see: (k) Foxman, B. M.; Klemarczyk, P. T.; 
Liptrot, R. E.; Rosenblum, M. J .  Orguttomet. Chem. 1980, 187, 253. 

(10) For examples of asymmetric conjugate addition reactions possibly 
controlled by metal-coordinated functional group directing effects, see: (a) 
Isobe, M.; Kutamura, M.; Goto, T. Telruhedron Lett. 1979, 3465. (b) Mu- 
kaiyama, T.; Iawasawa, N. Chem. Lert 1981, 913. (c) Lansbury, P. T.; 
Vacca, J. P. Tetrahedron Lett. 1982, 22.  1623. (d) Tomioka, K.; Koga, K. 
In Asymmetric Synthesis; Morrison, J. P . Ed.; Academic: New York, 1983; 
Vol. 2, part A, pp 201-224. (e) Lutomsk . K. A,; Meyers, A. I .  In Asymmetric 
Synthesis; Morrison, J. D., Ed.; Academic New York, 1984; Vol. 3, Part B, 
pp 213-274. (f) Salomon, R. G.; Sachinvala, N. D.; Raychaudhuri, S. R.; 
Miller, D. B. J .  Am. Chem. SOC. 1984, 106, 221 1 .  (9) Kogure, T.; Eliel, E. 
L. J .  Org. Chem. 1984, 49, 576. (h) Yamamoto, K.; Iijima, M.; Ogimura, 
Y.; Tsuji, J. Tetrahedron Lett. 1984, 25. ?S 13. (i) Whittaker, M.; McArthur, 
C. R.; Leznoff, C. C. Can. J .  Chem. 1985 63, 2844. 6)  Meyers, A. I.; Barner, 
B. A. J .  Org. Chem. 1986,51, 120. (k) Soai, K.; Ookawa, A. J .  Chem. SOC., 
Perkin Trans. I1986, 759. (I) Andersson. S. ;  Jagner, S.; Nilsson, M.; Urso. 
F. J .  Organomet. Chem. 1986, 301, 257  (m) Mobilio, D.; De Lange, B. 
Tetrahedron Lett. 1987, 28, 1483. 

( 1  1) ,For other recent methods for a5vmmetric conjugate addition, with 
emphasis upon the use of metal species, see: (a) Malmberg, H.; Nilsson, M.; 
Ullenius, C. Terrahedron Lett. 1982, 23. 3823. (b) Brunner, H.; Hammer, 
B. Angew. Chem., Int. Ed. Engl. 1984. 23. 312. (c) Fujiwara, J.; Fukutani, 
Y.; Hasegawa, M.; Maruoka, K.; Yamemoto, H. J .  Am. Chem. SOC. 1984, 
106, 5004. (d) Stetin, C.; De Jeso, B.; Pommier, J.-C. J .  Org. Chem. 1985, 
50, 3863. (e) Leyendecker, F.; Jesser, F : Laucher, D.; Ruhland, B. N o w .  
J .  Chim. 1985, 9, 7. (f) Liebeskind, L. S . Welker, M. E. Tetrahedron Lett. 
1985,26,3079. (g) Helmchen, G.; Wegner, G. Tetrahedron Lett. 1985, 26, 
6047, 6051. (h) Binns, M. R.; Goodridge. R. J.; Haynes, R. K.; Ridley, D. 
D. Tetrahedron Lett. 1985,26,6381. (i) Sesbach, D.; Zimmermann, J. Helv. 
Chim. Acta 1986, 69, 1147. 6 )  Corey, E. J.; Naef, R.; Hannon, F. J. J .  Am. 
Chem. SOC. 1986, 108, 7114. (k) Saengchantara, S. T.; Wallace, T. W. J .  
Chem. Soc., Chem. Commun. 1986, 1592. ( I )  Bertz, S. H.; Dabbagh, G.; 
Sundararajan, G. J .  Org. Chem. 1986, 51.4953. (m) Bernardi, A,; Cardani, 
S.; Poli, G.;  Scolastico, C. J .  Org. Chem. 1986, 51, 5041. (n) Schdlkopf, U.; 
Pettig, D.; Busse, U.; Egert, E.; Dyrbusch, M. Synthesis 1986, 737. (0) 
Enders, D.; Rendenbach, B. E. M. Tetrahedron 1986, 42, 2235. (p) Posner, 
G. H.; Weitzberg, M.; Hamill, T. G.;  Asirvatham, E.; Cun-heng, H.; Clardy, 
J. Tetrahedron 1986, 42, 2919. (4) Berlan. J.; Besace, Y. Tetrahedron 1986, 
42,4767. (r) Davies, S. G.; Dordor-Hedgecock, 1. M.; Sutton, K. H.; Walker, 
J. C.; Jones, R. H.; Prout, K. Tetrahedron 1986, 42, 5123. (s) Yamaguchi, 
M.; Hasebe, K.; Tanaka, S.;  Minami, T. Tetrahedron Lett. 1986,27,959. (t) 
Oppolzer, W.; Stevenson, T. Tetrahedron Lett. 1986,27, 1139. (u) Mangeney, 
P.; Alexakis, A.; Normant, J. F. Tetrahedron Lett. 1986, 27, 3143. (v) 
Alonso-Lopez, M.; Martin-Lomas, M.; Penades, S .  Te.rahedron Lerr. 1986, 
27, 3551. (w) Tomioka, K.; Yasuda, K.; Koga, K. Tetrahedron Lert. 1986, 
27, 461 1. (x) Tietze, L. F.; Brand, S.;  Pfeiffer, T.; Antel, J.; Harms, K.; 
Sheldrick, G. M. J .  Am. Chem. Soc. 1987, 109, 921. (y) Dieter, R. K.; Tokles, 
M. J .  Am. Chem. Soc. 1987,109,2040. ( 2 )  Hua, D. H.; Chan-Yu-King, R.; 
McKie, J. A.; Myer, L. J .  Am. Chem. SOC. 1987, 109, 5026. (aa) Leonard, 
J.; Ryan, G. Tetrahedron Lett. 1987, 28, 2525. 

reactions.14 
With all of the above considerations in mind, we chose to study 

the conjugated enones 3 on the basis of the chiral auxiliary 4 that 
has been used in other contexts by earlier workers.I5 Careful 

0 0 

examination of molecular models indicated that chelation, for 
example, with an iron dicarbonyl unit on the depicted upper face 
of the enone to give the complex 5 would be favorable, whereas 
coordination on the lower face would give the complex 6 exhibiting 
highly unfavorable nonbonded interactions of the sterically de- 
manding tert-butyl substituent with the alkenyl portion of the 
enone (eq 2).16 Therefore, having made the assumption of 

5 6 

thermodynamic control due to possible equilibration of the chelated 

(12) For other recent methods for asymmetric conjugate addition not 
involving metal species, see: (a) Kobayashi, N.; Iwai, K. J .  Am. Chem. SOC. 
1978, 100, 7071. (b) Hermann, K.; Wynberg, H. J .  Org. Chem. 1979, 44, 
2238. (c) Matsumoto, K.; Uchida, T. Chem. Lett. 1981, 1673. (d) Blarer, 
S. J.; Seebach, D. Chem. Ber. 1983, 116, 3086. (e) Pfau, M.; Revial, G.; 
Guingant, A.; d'Angelo, J. J .  Am. Chem. SOC. 1985, 107, 273. ( f )  Hodge, 
P.; Khoshdel, E.; Waterhouse, J.; Frechet, J. M. J. J .  Chem. SOC., Perkin 
Trans. 11985,2327. (g) Conn, R. S. E.; Lovell, A. V.; Karady, S.;  Weinstock, 
L. M. J .  Org. Chem. 1986, 51, 4710. 

(1 3) For some recent examples of asymmetric Diels-Alder reactions, with 
or without the use of metal complexes, see: (a) Oppolzer, W.; Chapuis, C.; 
Dupuis, D.; Guo, M. Heh. Chim. Acra 1985,68, 2100. (b) Danishefsky, S. 
J.; Pearson, W. H.; Harvey, D. F.; Maring, C. J.; Springer, J. P. J .  Am. Chem. 
SOC. 1985, 107, 1256. (c) Poll, T.; Sobczak, A.; Hartmann, H.; Helmchen, 
G. Tetrahedron Lett. 1985,26, 3095. (d) Arai, Y.; Kuwayama, S.; Takeuchi, 
Y.; Koizumi, T. Tetrahedron Lett. 1985, 26, 6205. 

(14) For reports of various types of reactivity of complexes of a,&unsat- 
urated carbonyl compounds toward nucleophilic, electrophilic, and other 
classes of reagents, see: (a) Brodie, A. M.; Johnson, B. F. G.; Josty, P. L.; 
Lewis, J. J .  Chem. Soc., Dalton Trans. I1972, 2031. (b) Nesmeyanov, A. 
N.; Rybin, L. V.; Gubenko, N. T.; Rybinskaya, M. 1.; Petrovskii, P. V .  J .  
Organomet. Chem. 1974, 71, 271. (c) Rybinskaya, M. I .  Ann. N.  Y. Acad. 
Sci. 1977, 295, 141. (d) Roberts, B. W.; Wong, J. J .  Chem. SOC., Chem. 
Commun. 1977.20. (e) Baar, M. R.; Roberts, B. W. J .  Chem. SOC., Chem. 
Commun. 1979, 1129. (f) Lennon, P. J.; Rosan, A,; Rosenblum, M.; Tanc- 
rede, J.; Waterman, P. J .  Am. Chem. SOC. 1980, 102, 7033. (9) Chang, T. 
C. T.; Rosenblum, M. J .  Org. Chem. 1981, 46, 4626. (h) Chizhevsky, I. T.; 
Rastova, N. V.; Kolobva, N. E.; Petrovskii, P. V.; Vinogradova, L. E.; Leites, 
L. A. Tetrahedron Lett. 1985, 26, 3605. (i) Ueda, T.; Otsuji, Y. Chem. Lett. 
1986, 1631 and 1635. 6) Park, S.; Hedden, D.; Rheingold, A. L.; Roundhill, 
D. M. Organometallics 1986, 5 ,  1305. (k) Thomas, S. E. J .  Chem. SOC., 
Chem. Commun. 1987, 226. 

(1 5)  For some previous preparations and uses of the chiral auxiliary 4, see: 
(a) Stacy, G. W.; Klundt, I. L.; Davis, G. T.; Nielsen, N. A,; Power, M. S.; 
Rector, D. L.; Razniak, S. L. J .  Org. Chem. 1966, 31, 1753. (b) Tanabe, T.; 
Yajima, S.; Imaida, M. Bull. Chem. SOC. Jpn. 1968,41, 2178. (c) Heathcock, 
C. H.; Pirrung, M. C.; Lampe, J.; Buse, C. T.; Young, S. D. J .  Org. Chem. 
1981, 46, 2290. (d) Masamune, S.; Reed, L. A,; Davis, J. T.; Choy, W. J .  
Org. Chem. 1983, 48, 4441. 

(16) For postulation of a related effect of nonbonded interactions in con- 
trolling the diastereofacial selectivity of an intermediate a-complex, see: 
Takacs, J. M.; Anderson, L. G. J .  Am. Chem. SOC. 1987, 109, 2200. 
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species, we expected highly diastereofacial selective formation of 
complex 5. These predictions have been borne out exactly ac- 
cording to plan. 

Synthesis of the Ligands. Our initial developmental studies were 
done with racemic compounds. Two methods of preparation were 
investigated. In the first of our routes (Scheme I ) ,  2,2-di- 
methyl-3-hydroxy-4-pentanone [(rat)-71, available by the method 
of Stacy from ethyl pyruvate diethyl ketal,15a is protected as the 
trimethylsilyl ether and subjected to an  aldol condensation with 
benzaldehyde to give the alcohol rac-8a. Acid-catalyzed dehy- 
dration and desilylation produces the hydroxy enone rac-9a, and 
reaction with diethyl chlorophosphite gives the desired ligand, the 
phosphite-containing, phenyl-substituted enone rac-3a. The same 
compound is obtained by a route (Scheme 11) based upon the work 
of M a s a m ~ n e . ’ ’ ~  The keto acid rac-10, obtained by oxidation of 
pinacolone by potassium permanganate,15b is reduced with sodium 
borohydride, and in the key step of the sequence, the hydroxy acid 
rat-11 reacts with 2-lithiostyrene to produce the hydroxy enone 
rac-9a once again. Although this route is shorter than the first 
one, it proceeds in lower overall yield. 

The racemic methyl-substituted enone derivative rac-3b is 
prepared according to the basic route in Scheme I but with ac- 
etaldehyde replacing benzaldehyde in the aldol condensation step. 
A more direct route patterned after Scheme I1 is again less ef- 
ficient because of a low-yield reaction of an alkenyllithium reagent 
(I-propenyllithium in this case) with the hydroxy acid 11. The 
preparation of the optically active ligand (S)-3b (Scheme 111) is 
patterned after Scheme I but first involves resolution of the hy- 
droxy acid 11 with (S)-1-phenylethylamine according to the 
procedure of Masamune.Isd 

These phosphites are somewhat air-sensitive compounds that 
undergo oxidation to the corresponding phosphates. Therefore, 
the phosphites are normally stored and handled under a nitrogen 
atmosphere. Also, the desired phosphites are often accompanied 
by minor side products (less than 5%),  which we have tentatively 
identified as the cyclic derivatives 12 but which do  not interfere 
with our further reactions. 

OEt 

0-9 
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crystallization provides pure, crystalline rac-5a in 80% yield. 
Similarly, the use of the cyclooctene complex 14 as the source 
of the iron provides rat-5a as the only detectable coordination 
product in 68% yield after purification. These results are consistent 
with our original expectations as discussed above. 

When the complexation reaction is done with iron pentacarbonyl 
under photochemical conditions (eq 4) ,  the two possible diaste- 

1 2  

I-Bu 

Coordination Studies. Our  work to date in this area has con- 
centrated mainly upon coordination of the ligands 3 to iron 
carbonyl groups. We first of all investigated several sets of 
conditions for complex formation between rat-3a and several 
sources of iron, including iron pe-ntacarbonyl, diiron ennecarbonyl, 
tricarbonyl(benzy1ideneacetone)iron (13),9a,b*i and tricarbonyl- 
bis(cis-cyc1ooctene)iron (14).” The best conditions have proven 
to be the use of 13 in THF (eq 3). The only coordination product 

1 3  1 4  

rac.5a 

detected by IH N M R  in the crude reaction mixture is rac-5a. On 
the basis of the limits of detection and comparison with the other 
possible diastereomer, rac-6a (vide infra),  we can claim a 
diastereofacial selectivity of a t  least 95% in this reaction. The 
complexation also proceeds in high chemical yield; chromato- 
graphic purification of the crude product to remove benzyliden- 
eacetone and a small amount of unreacted 13 followed by re- 

(17) Fleckner, H.; Grevels, F.-W.; Hess, D. J .  Am. Chem. SOC. 1984, 106, 
2027. 

rac-5a 

Ph (41 

(C0l2Fe- P(OEI)~ 

rac-6a 

reomers, rac-5a and rac-6a, are  obtained in a 1.3:1 .O ratio as 
determined by ‘H N M R  analysis of the crude reaction mixture. 
After separation by a combination of chromatography and re- 
crystallization, these two isomers are obtained in a combined yield 
of 59%. 

The use of diiron enneacarbonyl under thermal conditions gives 
a complicated mixture consisting of rac-5a and two new products 
tentatively identified as the simple mononuclear phosphite complex 
15 and the dinuclear complex 16 (eq 5). Analysis of the crude 

1 6  

mixture by ‘H N M R  spectroscopy indicates that the three products 
are  produced in a ratio of l:4:l. Chromatographic separation 
permits isolation of 15 in 46% yield, whereas rac-5a and 16 are 
isolated in yields of only 8% and 2%, respectively. Diastereomer 
rac-6a could not be detected as a product in this reaction. 

Attempts were made to convert the major product 15 from 
above into the desired chelated complex. When 15 is heated at  
60 OC in benzene for 26 h, no reaction occurs, but when 15 is 
irradiated in pentane for 50 min, a 1.3:l .O mixture of rac-5a and 
rac-6a is again obtained as in the earlier photochemical com- 
plexation experiment. This photochemical conversion of 15 into 
the enone/phosphite chelate complexes is also in accord with 
earlier results of other workers concerned with related ligand 
substitution r e a ~ t i o n s . ~ ~ ~ ~ ~ ’  

A clear pattern is seen in all of the above experiments; the 
originally predicted high diastereofacial selectivity is seen con- 
sistently under thermal conditions of complexation of the ligand 
rac-3a, but a photostationary mixture of the two possible dia- 
stereomers is seen under photochemical conditions. A similar 
observation was made by Collum.6f 

The complexation behavior of the racemic and the optically 
active methyl-substituted ligands rat-3b and (S)-3b is consistent 
with the above findings. For example, reaction of (S)-3b with 
the benzylideneacetone complex 13 a t  60-65 “ C  in T H F  for 20 
h produces (S)-5b in 71% yield after isolation and purification. 
The alternative diastereomer (S)-6b cannot be detected in the 
reaction mixture by ‘H N M R  spectroscopy. However, if the above 
experiment is done for ca. 12 h, a 9: 1 mixture of (S)-5b and (S)-6b 
is observed. When the minor isomer (S)-6b is isolated in pure 
form from this mixture and is then reheated at 100 OC in toluene, 
isomerization occurs to give a greater than 20:1 mixture favoring 
(S)-5b over (S)-6b. 

Characterization of the Chelated Complexes. The simultaneous 
a-coordination of the enone moieties and the phosphite groups 
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(CO)?Fe- P(OE1)z 

( S ) - 5 b  ( S ) - 6 b  

of the ligands 3 to iron was clearly indicated by the changes in 
the peak positions of the alkenyl hydrogens, the alkenyl carbons, 
and the phosphorus in the 'H,  I3C, and 31P N M R  spectra before 
and after complexation. In the free ligand rac-3a, the a-hydrogen 
is observed at 6 7.1 4, and the P-hydrogen is obscured by the peaks 
of aromatic hydrogens a t  6 7.1 5-7.75. In the complex rac-Sa, 
these two hydrogens appear at 6 6.29 and 3.15, and in rue-6a they 
are  seen at  6 6.77 and 3.37, respectively. This observation of a 
much greater upfield shift of the @hydrogen than the a-hydrogen 
upon .rr-coordination of the enone unit is well-precedented by 
previous studies of related ~ o m p l e x e s . ~ ~ * ~ , ~ , ' ~ ~  In the free ligand, 
the phosphorus appears at  6 138.9 in the 31P N M R  spectrum, 
whereas in complex rac-Sa it is seen at  6 166.0, again consistent 
with earlier work." The I3C N M R  spectral data for our complexes 
also agree very well with previously reported data.9i Corresponding 
N M R  data are  also given for the methyl-substituted compounds 
3b, Sb, and 6b in the Experimental Section. 

The assignment of stereochemistry to the diastereomeric com- 
plexes S and 6 is difficult on the basis of spectral data alone. 
Perhaps indicative of these structures are the ' H  N M R  positions 
of the hydrogen atom of the methine carbon bearing the phosphite 
group. In the spectrum of rac-Sa, for example, this hydrogen 
appears a t  6 4.37, whereas for rac-6a, it appears a t  6 3.81. The 
greater downfield shift in the former case is consistent with this 
hydrogen atom being held in the anisotropic deshielding region 
in the plane of the enone unit of rac-Sa compared to the case of 
rac-6a in which this hydrogen is held well out of the enone plane 
as depicted in our drawings of these two compounds. A similar 
effect is seen for the tert-butyl groups; in rac-Sa, this group is held 
out of the enone plane and appears at  6 1.10, whereas in rac-6a, 
the tert-butyl group lies more nearly in the enone plane and 
appears a t  6 1.22 in the ' H  N M R  spectrum. 

The above stereochemical arguments are tenuous at  best, and 
therefore, we have determined the structures of rac-5a, rac-6a, 
and (S)-Sb by single-crystal X-ray diffraction. The resulting ORTEP 
diagrams are  shown in Figures 1-3, and selected bond lengths 
and bond angles are  listed in Tables 1-111 (supplementary ma- 
terial). The results clearly confirm our initial stereochemical 
assignments and lend strong support to our original prediction 
of diastereofacial selective coordination of our ligands. (In order 
to minimize confusion, readers should realize that the ORTEP 
diagram for rue-Sa is enantiomeric relative to the other drawings 
in this paper. Also, the ORTEP drawing of (S)-Sb is rotated ca. 
180' about an axis perpendicular to the page compared to the 
earlier drawings.) 

The bond distances within the enone moieties and between these 
groups and the iron atoms correspond very well with one another 
for each of the two diastereomeric complexes rac-Sa and rue-6a. 
The agreement is within 0.01 A for each of the pairs of corre- 
sponding bonds. Furthermore, these values are  consistent with 
X-ray data reported previously for several related iron complexes 
of e n o n e ~ . ~ ~ , ~  However, an important difference between our two 
diastereomeric complexes is seen upon comparison of their C9- 
C10-Cl 1 bond angles, i.e. the angles for bonding of the tert-butyl 
groups to the enone units. In the favored isomer rue-Sa, it is 
115.4', but in the less stable diastereomer rac-6a, it is opened up 
to 120.0'. Likewise, the C8-C9-C10 bond angles are 124.2' and 
130.7' for these two complexes, respectively. The greater values 
for the less stable complex rac-6a may be attributed to the non- 
bonded steric interaction, which we had originally anticipated (see 
6 in eq 2). 

Preliminary Study of Reactivity. Although the main emphasis 
of our initial work in this area has been placed upon the prepa- 
ration of ligands and the study of their complexation behavior, 
we would like to close this paper with a brief indication of the 
potential utility of our complexes in asymmetric synthesis. 

Figure 2. X-ray crystal structure of rac-ha. 

Figure 3. X-ray crystal structure of (S)-Sh. 

Scheme IV 
H5'06 H3C I-Bu~AIH 

c 
r.;l'C02H E1,O. 0 o c .  =- 

(3S,6R)-17  
CHSOH, H2O 

(CH3)ZC, then HCI/H20 
CN 

( R ) - 1 8  

Specifically, we wished to explore carbanionic addition reactions 
of the optically active complex (S)-Sb, although there are  con- 
flicting reports in the literature concerning the possibility of ef- 
fecting Michael-type additions to related c ~ m p l e x e s . ' ~  However, 
we believed that a good choice of a nucleophile for these reactions 
would be a-lithioisobutyronitrile. This choice was based upon the 
work of Semmelhack concerned with carbanionic addition to 
simple diene complexes.' Indeed, (S)-Sb undergoes the desired 
reaction to give the adduct (3S,6R)-17 after acidic hydrolysis of 
the reaction mixture (eq 6 ) .  

(1) LiN(i-Pr)2, -78 OC 

(Me,N),PO. THF 
(CH,),CHCN b 

(2) (S)-5b. -78 10 +25 OC 

(3) CF,C02H (79%) 

CN ( 3 S , 6 R ) - 1 7  

In order to determine the degree of asymmetric induction, this 
reaction was repeated with the racemic complex (rue)-Sb, and the 
resulting product was compared with the optically active adduct 
through use of the chiral N M R  shift reagent, tris[3-[(hepta- 

~ _ _ _ _ _ _ _  

(18) (a) Semmelhack, M. F.; Herndon, J. W.; Springer, J.  P. J .  Am. Chem. 
SOC. 1983, 105, 2497. (b) Semmelhack, M. F.; Le, H. T. M. J .  Am. Chem. 
SOC. 1984, 106, 2715. 
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fluoropropyl)hydroxymethylene] -(+)-camphorat01 europium 
[Eu(hfc),]. None of the enantiomer of our optically active product 
could be detected in the reaction mixture resulting from addition 
of isobutyronitrile to (S)-5b. On the basis of the minimum amount 
of the enantiomer that could be detected by 'H NMR analysis, 
we are able to report an enantiomeric excess of a t  least 99% for 
the addition to (S)-5b. 

The absolute configuration of our adduct was proven by a 
classical degradation approach (Scheme IV). Periodate cleav- 
ageISC gives the cyano acid (R)-18, reduction with diisobutyl- 
aluminum hydrideI9 gives the carboxyaldehyde (R)-19, and 
Wolff-Kishner reduction20 gives the acid (R)-20, having the same 
optical rotation as  the compound for which the configuration is 
known from previous work.21 

Conclusion 
W e  have succeeded in our original goal of designing metal- 

chelating ligands that undergo diastereofacial selective coordination 
of carbon-carbon double bonds in a highly predictable manner. 
W e  believe that the principles delineated in this paper will be 
applicable in general to n-complexes of several types of unsaturated 
organic compounds including other alkene, diene, allene, allyl, 
pentadienyl, and arene systems. Furthermore, several other co- 
ordinating groups besides phosphites may conceivably be employed. 
Also, other chiral auxiliaries beyond what we have used to date 
may be derived from many sources, including amino acids,22 
carbohydrates, terpenes, and other members of the chiral pool.*' 
W e  intend to explore each of these points as  we investigate 
modifications of our ligand systems. With the more finely tuned 
systems that will result, we will be in a position to study appli- 
cations in asymmetric synthesis in greater detail. 

Experimental Section 
General Remarks. All reactions and other manipulations of air-sen- 

sitive compounds were performed under a nitrogen atmosphere with 
double-manifold techniques or in a Vacuum Atmospheres Dri-Lab 
glovebox. Solutions of air- and/or water-sensitive compounds were 
transferred with dauble-ended needles (cannulas) or hypodermic syringes 
and were concentrated by using a vacuum line equipped with a liquid 
nitrogen or dry ice cooled trap. Glassware was flame-dried or taken 
directly from a drying oven into the glovebox before use. 

Other general comments, the preparations of previously known com- 
pounds Salsc and ll,'Sb,d and the details for the X-ray diffraction studies 
of rac-5a, rac-6a, and (S)-5b may be found in the supplementary ma- 
terial. 

5,5-Dimethyl-4-hydroxy-I-phenyl-l-hexen-3-one (9a). Dehydration of 
8a. A solution of 8a (7.09 g, 23.0 mmol), and p-toluenesulfonic acid 
monohydrate (0.219 g, 1.15 mmol), and benzene (1 15 mL) was stirred 
at 50 OC for 12 h. The mixture was then cooled to 25 OC and washed 
with 5% aqueous sodium carbonate. The aqueous layer was extracted 
with ether (2 X 100 mL), and the combined organic layers were washed 
with 5% aqueous sodium carbonate (50 mL) and saturated aqueous 
sodium chloride, dried (MgS04), and concentrated under reduced pres- 
sure to give 4.72 g (94%) of 9a as a yellow solid, which was pure by 'H 
NMR spectroscopy but which contained minor impurities by TLC 
analysis. Highly polar impurities were removed by filtration through a 
70 X 30 mm column of silica gel (0.040-0.063 mm, 230-400 mesh 
ASTM) with ether as the solvent. The eluate was concentrated under 
reduced pressure, and a 1.21-g portion of the residue was further purified 
by radial chromatography (4-mm layer of silica gel) with 400 mL of 7:l 
hexanes/ether acetate (v/v). The major band afforded 0.94 g (78% 
recovery) of 9a as a pale yellow solid. Alternatively, 2.08 g of the solid 
from the filtration through silica gel was recrystallized from hexanes (6 
mL) to give 1.57 g (75% recovery) of 9a: mp 64-71 "C; IR (Nujol) 
3425, 2930, 1683, 1613 cm-'; 'H NMR (CDCI,. 80 MHz) 6 7.70 (d, J 
= 16 Hz, PhCH=CH), 7.35-7.70 (m, C,H,), 6.86 (d, J = 16 Hz, 
PhCH=CH), 4.14 (d, J = 7 Hz, CHOH, collapses to a singlet in ace- 
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tone-d, containing a trace of H20),  3.42 (d, J = 7 Hz, OH, exchanges 
with H,O in acetone-d,), 1.05 (s, C(CH,),); I3C NMR (CDCI,, 75 
MHz) 6 201.15 (C=O), 143.09. (PhCH=CH), 134.15 (ipso-C), 130.83 
(para-C), 128.90 (ortho-C), 128.49 (meta-C), 123.29 (PhCH=CH), 
83.28 (CHOH), 35.25 (C(CH,),), 26.37 (C(CH,),); MS, m/e (relative 
intensity) 218 (1.6, M'), 162 (M - H,C=C(CH,),), 132 (48.3, M - 
(CH,),CHO), 131 (100, PhCH=CHC=O+), 104 (23.5), 103 (29.3, 
PhCH=CH+), 87 ((CH,),CCHOH+), 57 ((CH,),)C+); exact mass for 
CI4Hl8O2 calcd 218.1307, found 218.1302. Anal. Calcd for CI4Hl8O2: 
C, 77.03; H, 8.31. Found: C, 76.68; H, 8.10. 

5,5-Dimethyl-4-hydroxy-l-phenyl-l-hexen-3-one (9a). Reaction of 11 
with 2-Lithiostyrene. On the basis of the procedure of S e e b a ~ h , ~ ~  a 
solution of trans-2-bromostyrene (0.45 mL, 3.51 mmol) in 4:l:l THF/ 
ether/pentane (the Trapp mixture, 12 mL) was stirred at -1 10 "C (liquid 
nitrogen in 4: 1: 1 petroleum ether/2-propanol/acetone) under nitrogen. 
A 1.41 M solution of tert-butyllithium (5.0 mL, 7.1 mmol) in pentane 
was added over 15 min. The solution became bright yellow, and a thick 
precipitate formed. The mixture was stirred for 2 h, and a solution of 
11 (0.134 g, 1.01 mmol) in 1:l pentane/ether (1 mL) was added over 5 
min. The mixture was then allowed to warm to 25 OC; during this 
warming, the precipitate dissolved, and an orange-red solution was 
formed at -90 OC. After being stirred at 25 OC for ca. 12  h, the resulting 
red-violet solution was added dropwise with a cannula to stirred 1.5 N 
hydrochloric acid (5 mL). The layers were separated, and the aqueous 
layer was extracted with ether (3 X 15 mL). The combined layers were 
washed with saturated aqueous sodium chloride, dried, and concentrated 
under reduced pressure to give 0.37 g of a viscous yellow green oil. This 
material was shown by 'H  NMR analysis to be a 2:l mixture of 11 and 
9a (see data above for 9a). 

Diethyl S,S-Dimethyl-3-0~0- 1-phenyl- I-hexen-4-yl Phosphite (rac -3a). 
All operations in this procedure were performed under nitrogen. To a 
solution of 9a (0.27 g, 1.2 mmol) and methylene chloride (20 mL) at -78 
OC were added triethylamine (1.5 mL, 11 mmol) and then diethyl 
chlorophosphite (0.19 mL, 1.3 mmol) dropwise. The mixture was then 
warmed to 25 "C, stirred for 4 h, and concentrated under reduced 
pressure. The residue was extracted with pentane, the extracts were 
filtered through diatomaceous earth, and the filtrate was concentrated 
under reduced pressure to give 0.38 g (91%) of rac-3a. The amount of 
12 as an impurity varied each time this procedure was followed but was 
generally less than 5-10%. For the purpose of characterization, the two 
compounds were isolated in pure form by radial chromatography (silica 
gel, 5:l hexanes/ethyl acetate or 20:l pentane/ether). rac-3a: 'H NMR 
(CDCI,, 80 MHz) 6 7.15-7.75 (m, C,HsCH=CH), 7.14 (d, J = 16.0 
Hz, PhCH=CZf), 4.30 (d, J = 10.2 Hz, CHOP), 3.86 (apparent quintet, 

(s, C(CH,),); I3C NMR (acetone-d,, 20 MHz) 6 198.26 (C=O), 142.25 
(PhCH=CH), 135.93 (ipso-C), 131.21 (para-C), 129.80 (ortho-C), 
129.19 (meta-C), 124.31 (PhCH=CH), 84.68 (d, J = 7.2 Hz, CHOP), 

26.71 (C(CH,),), 17.14 (d, J = 5.0 Hz, P(OCH,CH,),); ,lP NMR 
(CDCI,, 121 MHz) 6 138.91 (sextet, J = 8.4 Hz); MS, m / e  (relative 
intensity) 339 (0.1, M + l ) ,  338 (M'), 155 (61), 131 (IOO), 121 (90), 
93 (71); exact mass for C,&,@4Pcalcd 338.1647, found 338.1681. 12 
(R = Ph): mp (sealed tube) 45-51 "C; IH NMR (CDCI,, 300 MHz) 
6 7.19-7.45 (m, C6Hs), 7.02 (d, J = 15.5 Hz, CH=CH), 6.86 (d, J = 
15.6 Hz, CH=CH), 3.63-3.79 (m, POCH,CH,), 1.35 (s, C(CH,),), 
1.21 (t, J = 7.1 Hz, POCH,CH,); "P NMR (CDCI,, 121 MHz) 6 
117.20 (t, J = 6.2 Hz). 

(3S)-2,2-Dimethyl-3-hydroxy-4-pentanone [(S)-71. 2-Hydroxy-3,3- 
dimethylbutyric acid (rac-11) was resolved with (S)-1-phenylethylamine 
according to the procedure of Masamune.lM Obtained was (S)-ll, [aIzSD 
4.5' (c 1, H20) [lit.lSd [aIzo0 4.5' (c 4, H20).  To a solution of (S)-11 
(1.32 g, 10.0 mmol) in T H F  (20 mL) at -78 "C under nitrogen was 
added a 1.4 M solution of methyllithium (25 mL, 35 mmol) in ether over 
30 min, during which time a white solid precipitated. The mixture was 
stirred at -78 'C for 30 min and then at 25 OC for 5 h until the solid 
dissolved. The mixture was then transferred with a cannula to a rapidly 
stirred mixture of ice and 1 N hydrochloric acid. The organic solvents 
were removed from this mixture by rotary evaporation, and the remaining 
aqueous mixture was extracted with ether (3 X 50 mL). The combined 
extracts were washed with 10% aqueous sodium carbonate and saturated 
aqueous sodium chloride, dried (MgSO,), and concentrated by rotary 
evaporation. The crude product was purified by flash chromatography 
(silica gel, 10: 1 hexanes/ethyl acetate) (or alternatively, by vacuum 
distillation) to give 0.91 g (70%) of ( 9 - 7  as a colorless oil: bp 45-50 
OC (1 torr) [lit.'S8 for rac-7 bp 26 "C (0.35 torr)]; 133.2' (c 1, 
CHCI,); IR (neat) 3435 (br), 2955,2870, 1709 cm-I; 'H NMR (CDCI, 
200 MHz) 6 3.88 (d, J = 6 Hz, CHOH), 3.30 (d, J = 6 Hz, intramo- 

J = 7.4 Hz, P(OCHZCH,),), 1.21 (t, J = 7.0 Hz, P(OCH,CH,),), 1.01 

59.06 (d, J = 12.2 Hz, P(OCH,CH,),), 35.50 (d, J = 4.9 Hz, C(CH,),), 

(24) Neumann, H.; Seebach, D. Tetrahedron Lett. 1976, 4839. 

(19) (a) Miller, A. E. G.; Biss, J. W.; Schwartzman, L. H. J .  Org. Chem. 
1959,24,627. (b) Kuo, F.; Fuchs, P. L. J .  Am. Chem. SOC. 1987, 109, 1122. 

(20) Zalkow, L. H.; Girotra, N. N. J .  Org. Chem. 1964, 29, 1299. 
(21) Azzena, U.; Luisi, P. L.; Suter, U. W.; Gladiali, S. Helu. Chim. Acta 

(22) Knudsen, C. G.; Rapaport, H.  J .  Org. Chem. 1983, 48. 2260. 
(23) Scott, J. W. In Asymmetric Synthesis; Morrison, J. D., Scott, J. W., 

1981, 64, 2821. 

Eds.; Academic: Orlando, 1984; Vol. 4, pp 1-226. 
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POCH,CH,); 13C NMR (CDCI,, 75 MHz) 6 215.66 and 212.05 (FeC- 
0). 140.49 (C(=O)CH), 132.96 (ipso-C), 128.43 and 126.09 (ortho- and 
meta-C), 125.53 (para-C), 92.03 and 85.1 1 (PhCH=CH and C(=O)- 
CHOP), 62.50 (PhCH=CH), 61.04 and 56.35 (P(OCH,CH,),), 34.44 
(C(CH,),), 26.21 (C(CH,),), 16.20 and 16.04 (P(OCH,CH,),); 'IP 
NMR (benzene-d,, 121 MHz) 6 166.0 (sextet, J = 7.2 Hz); MS, m / e  
(relative intensity) 452 (0.1, M + 2), 451 (0.4, M + l) ,  450 (1.3, M'), 
422 (M - CO), 394 (M - 2CO), 287 (14.3), 259 (17.1), 258 (loo), 243 
(15.8); exact mass for C20H,,FeO&' calcd 450.0895, found 450.0897. 

The reaction of rac-3a (0.17 g, 0.5 mmol) and 14 (0.18 g, 0.5 mmol) 
in THF (10 mL) at 65 OC under nitrogen for 24 h also gave rac-5a 
(0.153 g, 68%) after flash chromatography and recrystallization. 

Complexation of rac-3a with Iron Pentacarbonyl under Photochemical 
Conditions. Formation of Chelate Complexes rac-Sa and rac-6a. A 
1 IO-mL, three-necked, Pyrex Schlenk tube was equipped with a cold 
finger, a magnetic stirring bar, a rubber septum, and a three-way stop- 
cock connected to a double manifold. A nitrogen atmosphere was es- 
tablished. and rac-38 (0.539 g, 1.59 mmol), iron pentacarbonyl (0.23 mL, 
1.75 mmol), and pentane (100 mL) were added sequentially by syringe. 
The reaction vessel was placed in a Srinivasan-Griffin photochemical 
reactor equipped with a cylindrical array of 12 75-W 350-nm lamps. The 
reactor lamps and fan were turned on, and cold water was circulated 
through the cold finger while the reaction mixture was irradiated for 22 
h. The solution was then concentrated under reduced pressure. The 
residue was dissolved in ether, and polar impurities were removed by 
filtration of the solution under nitrogen through a short column (55 X 
30 mm) of silica gel (0.040-0.063 mm). The filtrate was concentrated 
under reduced pressure. Analysis of the viscous, orange-red oily residue 
by IH NMR spectroscopy indicated that it consisted mainly of a 1.3:l.O 
mixture of two components, identified below as rac-5a and rac-6a, re- 
spectively. The mixture was purified further by radial chromatography 
(4-mm layer of silica gel) under nitrogen. The first broad, yellow band 
was eluted with 12:l pentane/ether, and concentration of this fraction 
gave 0.235 g (33%) of rac-5a having the same 'H NMR parameters as 
the material isolated in the previous experiment. The second yellow band 
was eluted with 6:l pentane/ether. Concentration of this fraction gave 
0.185 g (26%) of rac-6a as an oil, which slowly solidified to give a pale 
orange solid: mp 105-109 "C (sealed capillary); IH NMR (benzene-d,, 
80 MHz) 6 6.89-7.80 (m, C,Hs), 6.77 (d, J = 9 Hz, PhCH=CH), 
3.63-4.00 (m, C(=O)CHOP and P(OCH,CH,),), 3.37 (dd, J = 9.6, 7 

1.01 (t, J = 7 Hz, POCH,CH,); I3C NMR (acetone-d,, 75 MHz) 6 
217.02 and 213.14 (FeCO), 141.62 (C(=O)CH), 134.69 (ipso-C), 
129.24 and 127.15 (ortho- and meta-C), 126.38 (para-C), 92.46 and 
87.49 (PhCH=CH and C(=O)CHOP), 63.22 (PhCH=CH), 61.74 and 
57.66 (P(OCH2CH,),), 35.14 (C(CH,),), 26.89 (C(CH,),), 16.44 and 
16.38 (P(OCH,CH,),); MS, m/e  (relative intensity) 450 (3.6, M'), 422 
(19.6, M - CO), 394 (30.5, M - 2CO), 258 (100); exact mass for C20- 
H27Fe06P calcd 450.0895, found 450.0880. 

Complexation of rac -3a with Diiron Enneacarbonyl under Thermal 
Conditions. Formation of Complexes rac-5a, 15, and 16. A mixture of 
rac-3a (0.669 g, 1.98 mmol), diiron enneacarbonyl (0.793 g, 2.17 mmol), 
and benzene was stirred at 50 "C under nitrogen for 17 h. The mixture 
was cooled to 25 OC, stirred for an additional 2.5 h, and concentrated 
under reduced pressure. The residue was extracted with pentane (3 X 
4 mL), and the combined pentane extracts were filtered through diato- 
maceous earth. The filtrate was concentrated under reduced pressure. 
Analysis of the residue by 'H NMR spectroscopy indicated a 1:4:1 
mixture of three principal components, identified below as rac-5a, 15, and 
16, respectively. Polar impurities were removed by filtration under ni- 
trogen through a short column (40 X 25 mm) of silica gel (0.040-0.63 
mm) with 40 mL of ether. The filtrate was concentrated under reduced 
pressure. Further purification was accomplished with radial chroma- 
tography (4-mm layer of silica gel) under nitrogen. The first two yellow 
bands were eluted with 33:l pentane/ether and were collected together. 
Concentration of this combined fraction gave a mixture enriched in 
rac-5a and 16. The next major band was observed by short-wavelength 
ultraviolet light only and was eluted with 6.7:l pentane/ether. Concen- 
tration of this fraction gave 0.461 g (46%) of a pale yellow, soft solid 
tentatively identified as 15: homogeneous by TLC (silica gel, 9:l pen- 
tane/ether, R, 0.51); mp 75-79.5 "C (sealed capillary); IR (pentane) 
2070, 1989, 1949, 1690, 1610 cm-I; 'H NMR (benzene-d,, 300 MHz) 
6 7.88 (d, J = 15.9 Hz, PhCH=CH), 7.41 (m, 2 H, Ar H), 7.38 (d, J 
= 15.9 Hz, PhCH=CH), 7.01 (m, 3 H,  Ar H), 4.71 (d, J = 10.6 Hz, 
C(=O)CHOP), 3.81 and 3.75 (two overlapping apparent quintets, J = 
6.97 and 6.95 Hz, respectively, P(OCH2CH,),, both collapse to doublets, 
J = 6.63 Hz, and 6.78 Hz, respectively, upon irradiation at 6 0.90), 1.03 
(s, C(CH,),), 0.94 and 0.86 (two t, both J = 7.0 Hz, P(OCH,CH,),, 
both collapse to singlets upon irradiation at 6 3.75); I3C NMR (ace- 
toned,, 75 MHz) 6 213.45 (d, J = 24.7 Hz, Fe(CO),), 196.06 (C(= 

Hz, PhCH-CH), 1.22 ( s ,  C(CH3)3), 1.13 (t, J = 7 Hz, POCH2CH3), 

lecularly hydrogen bonded OH), 2.25 (s, CH,C=O), 0.99 (s, C(CH,),); 
I3C NMR (CDCI,, 50 MHz) b 210.97 (C=O), 84.44 (CHOH), 35.40 
(C(CH,),), 29.31 (CH3C=O), 26.23 (C(CH,),). 

2,2-Dimethyl-6-hydroxy-3-[ (trimetbylsilyl)oxy)-4-heptanone [ (S)-8b]. 
According to the same procedure that was used in the initial part of the 
conversion of rac-7 to rac-8a, the hydroxy ketone ( 9 - 7  was converted 
into its 0-trimethylsilyl derivative (82% yield), [.]*'D -59.8" (c 4, 
CHCI,). A solution of this silyl derivative (2.02 g, 10 mmol) was added 
dropwise to a solution of lithium diisopropylamide [prepared from 1.5 
M n-butyllithium solution (7 mL, 10 mmol) in hexane and diisopropyl- 
amine (1.4 mL, 10 mmol) in 30 mL of THF] at -75 "C under nitrogen. 
After the mixture was stirred for 2.5 h at -78 "C, freshly distilled ac- 
etaldehyde (0.56 mL, 10 mmol) was added dropwise. The mixture was 
stirred at -75 OC for 30 min, saturated aqueous sodium bicarbonate (30 
mL) was added, and the mixture was warmed to 25 "C. The organic 
layer was separated, and the aqueous layer was extracted twice with 
ether. The combined organic layers were washed with cold 0.1 N hy- 
drochloric acid, saturated aqueous sodium bicarbonate, and saturated 
aqueous sodium chloride, dried (MgSO4), and concentrated under re- 
duced pressure. The remaining yellow oil was purified by flash chro- 
matography (silica gel, 20:l pentane/ethyl acetate), giving 2.0 g (80%) 
of a mixture of diastereomeric alcohols (S)-8b as a yellow oil: [aI2'D 
-58.5" (c 1.6, CHCI,); IH NMR (CDCI,, 200 MHz) 6 4.35 (m, 
CHOH), 3.79 (s, CH(0Si)-r-Bu), 3.73 (d, J = 3 Hz) and 3.54 (d, J = 
3 Hz, hydrogen-bonded OH of two diastereomers), 2.70 (m) and 2.96 
(m, diastereotopic C(=O)CH,), 1.38 (d, J = 6.0 Hz) and 1.36 (2 d, J 
= 6.0 Hz, CH,CH(OH)), 1.11 (s) and 1.09 (s, C(CH,),), 0.31 (s) and 
0.28 (s, Si(CH,),). On a larger preparative scale (13.0 g of the silyloxy 
ketone) in the racemic series, the product was purified by distillation to 
give 12.17 g (77%) of (rac)-8b: bp 103-106 "C (4 torr). 

2,2-Dimethyl-4-0~0-5-hepten-3-01 [(S)-9b]. A solution of (S)-8b (0.74 
g, 3 mmol) and p-toluenesulfonic acid monohydrate (0.06 g, 0.3 mmol) 
in benzene (10 mL) was stirred at 25 "C for 12 h. The brown mixture 
was then washed with 5% aqueous sodium carbonate, and the aqueous 
layer was extracted with ether (2 X 50 mL). The combined organic 
layers were washed with 5% aqueous sodium carbonate and saturated 
aqueous sodium chloride, dried (MgS04), and concentrated under re- 
duced pressure. The remaining yellow oil was purified by radial chro- 
matography (silica gel, 1O:l pentane/ethyl acetate) to give 0.33 g (71%) 
of (S)-9b as a pale yellow oil: 168.9" (c 0.72, CHCI,) [lit.ISd 

7.02 (dq, J = 16.5, 7.5 Hz, CH,CH=CH), 6.30 (dd, J = 16.5, 2 Hz, 

hydrogen-bonded OH), 1.96 (dd, J = 7.5, 2 Hz, CH,), 0.98 (s, C(CH,),); 

[.],OD 178.1" (C 0.96, CHCI,)]; 'H NMR (CDCI,, 200 MHz; lit.lSd) 6 

CH,CH=CH), 4.03 (d, J = 7.5 Hz, CHOH), 3.40 (d, J = 7.5 Hz, 

13C NMR (CDC13, 50 MHz) 6 200.98 (M), 143.74 (CH,CH), 129.29 
(CHC=O), 82.48 (CHOH), 35.87 (C(CH,),), 26.29 (C(CH3)3), 18.29 
(CH,). 

Diethyl 2,2-DimethyI-4-0~0-5-hepten-3-yl Phosphite [(S)-3b]. To a 
solution of diethyl chlorophosphite (0.31 g, 2.0 mmol) in methylene 
chloride (10 mL) at -78 "C under nitrogen was added a solution of 
(S)-9b (0.31 g, 2.0 mmol) and triethylamine (2.8 mL, 20 mmol) in 
methylene chloride (5 mL) over 10 min. The solution was warmed to 
25 "C over 30 min and was then concentrated under reduced pressure. 
The residue was extracted with pentane, and the extracts were concen- 
trated under reduced pressure. Purification of the residue by radial 
chromatography (silica gel, 20: 1 ethyl acetate/pentane) gave 0.30 g 
(55%) of (S)-3b as a pale yellow oil: [.I2'D -17.1" (c 1.58, CHCI,); 'H 
NMR (CDCI,, 200 MHz) 6 7.03 (dq, J = 15.7, 7.2 Hz, CH,CH=CH), 
6.46 (dd, J = 15.7, 5.8 Hz, CH~CHSCH), 4.34 (d, J = 7.9 Hz, C(= 

(dd, J = 7.0, 2.0 Hz, CH,CH=CH), 1.23 (t, J = 7.3 Hz, P- 
O)CHOP), 4.05 (apparent quintet, J = 7.2 Hz, P(OCH,CH,),), 1.86 

(OCH2CH3)2), 0.94 (s, C(CH,),); IR (film) 2960, 1740, 1690, 1480 
cm-I. 

Complexation of rac-3a with Tricarbonyl(benzylideneacetone)iron (13) 
or Tricarbonylbis(cis-cyc1ooctene)iron (14). Formation of Chelate 
Complex rac-5a. A mixture of keto phosphite rac-3a (0.17 g, 0.50 mmol) 
and tricarbonyl(benzy1ideneacetone)iron (13, 0.14 g, 0.50 m m ~ l ) ~ ~ * ~ ~ '  in 
THF (10 mL) was stirred at reflux under nitrogen for 8 h. The mixture 
was concentrated under reduced pressure. Analysis of the crude produce 
by IH NMR spectroscopy revealed only one isomer as the chelation 
product. The crude product was subjected to flash chromatography 
(silica gel, 20: 1 pentane/ethyl acetate), and the orange solid obtained 
from the yellow band was recrystallized from pentane to give 0.18 g 
(80%) of rac-58 as orange crystals: mp 107-109 "C; IR (pentane or 
CDCI,) 2070,2030, 2000, 1967 cm-I; 'H NMR (benzene-d,, 300 MHz) 
6 7.26 (d, 2 H, J = 7.4 Hz, ortho-Ar H), 7.09 (t, 2 H, J = 7.4 Hz, 
meta-Ar H), 6.94 (t, 1 H, J = 7.4 Hz, para-Ar H), 6.29 (d, J = 9.4 Hz, 
PhCH=CH), 4.37 (d, J = 1.6 Hz, C(=O)CHOP), 3.75-4.15 (m, P- 
(OCH,CH,)2), 3.15 (dd, J = 9.4, 6.7 Hz, PhCH-CH), 1.10 ( s ,  C- 
(CH3)3), 1.07 (t, J = 7.0 Hz, POCHZCH,), 1.04 (t, J = 7.1 Hz, 
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O)CH), 143.41 (PhCH=CH), 135.62 (ipso-Cj, 131.57 (para-C), 129.82 
and 129.44 (ortho- and meta-C), 123.68 (PhCH=CH), 87.68 (d, J = 
11.5 Hz, C(=O)CHOP), 64.40 (d, J = 3.9 Hz, P(OCH,CH,),), 35.83 
(d, J = 6.4 Hz, C(CH,),), 16.57 (C(CH3)3), 15.92 (P(OCH,CH,),); "P 

(0.8, M - CO), 450 (M - 2CO), 422 (30.7, M - 3CO), 394 (45.8, M 
NMR (benzene-d,, 121 MHz) 6 172.5; MS, m/e  (relative intensity) 478 

- 4CO), 259 (17.3), 258 (100); exact mass for C21H27Fe07P (M - CO) 
calcd 478.0844, found 478.0817. Anal. Calcd for C2,HZ7FeO8P: C, 
52.19; H, 5.38; P, 6.12. Found: C, 52.29; H, 5.69; P, 5.80. 

The mixture enriched in ruc-Sa and 16 from above was further pu- 
rified by radial chromatography (2-mm layer of silica gel, 25:l pen- 
tane/ether) under nitrogen. The first yellow band gave 0.023 g (1.8%) 
of a pale yellow-orange solid that was recrystallized from pentane (0.4 
mL) under nitrogen to give orange crystals tentatively identified as 16: 
mp 112-1 15 OC (sealed capillary); 'H NMR (benzene-d,, 80 MHz) 6 
6.90-7.47 (m, 5 H, Ar H), 6.74 (d, J = 9.2 Hz, PhCH=CH), 5.04 (d, 
J = 12.1 Hz, C(=O)CHOP), 3.77-4.27 (m, P(OCH,CH,),), 3.23 (d, 

C(CH3)3); "P NMR (benzene-& 121 MHz) 6 172.4; MS, m/e  (relative 
intensity) 618 (0.9, M - CO), 590 (M - 2CO). 562 (M - 3CO), 534 (M 
- 4CO), 506 (M - 5CO), 478 (M - 6CO), 450 (100, M - Fe(C0)5), 422 
(M - Fe(CO), - CO), 404 (25.7), 394 (29.7, M - Fe(CO), - 2CO). 258 
(78.1): exact mass for CZ2H2,Fe208P (M - 3CO) calcd 562.0142, found 
562.0191. The second yellow band to elute gave 0.068 g (7.6%) of ruc-5a 
having the same spectroscopic parameters as the materials isolated pre- 
viously. 

Complexation of (S)-3b with Tricarbonyl(benzy1ideneacetone)iron 
(13). Formation of Chelate Complex (S)-Sb. A mixture of (9-3 (0.700 
g, 2.54 mmol) and 13 (0.730 g, 2.55 mmol) in THF ( 1  5 mL) was stirred 
at 60 OC under nitrogen for 20 h. The mixture was cooled to 25 OC and 
concentrated under reduced pressure. The residue was purified by flash 
chromatography (silica gel, 20:l pentane/ethyl acetate), and the material 
obtained from the yellow band was recrystallized from pentane to give 
0.70 g (71%) of (S)-5b as orange crystals: mp 59-60 OC;  CY]^'^ 292.3O 
(c  0.68, CHCI,); IR (CDCI,) 2970, 2020, 1950, 1480, 1380, 1020 cm-I; 
'H NMR (CDCI,, 300 MHz) 6 5.97 (d, J = 9 Hz, CH3CH=CH), 4.58 
(d, J = 1.5 Hz, C(=O)CHOP), 3.98 (m, P(OCH,CH,),), 1.92 (dq, J 

(apparent q, J = 7.2 Hz, P(OCH,CH,),), 1.06 (s, C(CH3),); I3C NMR 
(CDCI,, 50 MHz) 6 216.87 (FeCO), 213.18 (FeCO), 132.67 (C(=O)C), 
98.52 (CH,CH=CHC(=O)), 84.95 (C(=O)CHOP), 62.34 and 60.71 

(a,),), 17.66 (CH,CH=CH), 16.10 (P(OCH,CH3)2); MS, m / e  
(relative intensity) 388 (6, M'), 360 (22.2, M - CO), 332 (1.8, M - 
2CO), 288 (100). Anal. Calcd for CI5HZ5FeO6P: C, 46.41; H, 6.49. 
Found: C, 46.64; H, 6.73. 

Similarly, (rac)-5b was obtained from (ruc)-3b. When the reaction 
was performed for only 12  h, a 9:l mixture of (rac)-5b and (ruc)-6b is 
obtained on the basis of 'H NMR analysis of the crude mixture. Puri- 
fication by flash chromatography (silica gel, 20:l pentane/ethyl acetate) 
and recrystallization from pentane of the material from the second yellow 
band gave (ruc)-6b as yellow crystals: mp 103-104 OC; IR (CDCI,) 
2975,2900,2950, 1980, 1960, 1620, 1480, 1400, I280 cm-I; IH NMR 
(CDCI,, 200 MHz) 6 3.83-4.30 (m, CHOP(OCH,CH,),), 3.52 (m, 
CH=CH), 1.69 (dd, J = 7, 2 Hz, CHCH3), 1.40 (t, J = 7 Hz) and 1.30 

MHz) 6 210.9 (FeCO), 201.25 (FeCO), 87.72, 62.82, and 61.77 (P(0- 

(CH3)3), 24.26 (CH,CH=CH), 15.87 (P(OCHZCH3)z); MS, m / e  
(relative intensity) 388 (2.8, M'), 360 (23.5, M - CO), 332 (5.8, M - 
2CO), 288 (100). Heating a solution of (ruc)-6b in toluene at 100 OC 
under nitrogen for 12 h gave a greater than 2 0  1 mixture of (ruc)-5b and 
(rac)-6b according to 'H NMR analysis. 

Addition of a-Lithioisobutyronibile to (S)-5b. Formation of Adduct 
(3S,6R)-17. To a solution of diisopropylamine (0.04 mL, 0.3 mmol) in 
THF (4 mL) at -78 OC under nitrogen was added a solution of n-bu- 
tyllithium (0.3 mmol) in hexane. The mixture was stirred for 20 min, 
and isobutyronitrile (0.027 mL, 0.3 mmol) was added followed by the 
addition of hexamethylphosphoric triamide (0.20 mL, 1.1 mmol). The 
mixture was stirred at -78 OC for 20 min, and a solution of (9 -56  (0.039 
g, 0.10 mmol) in THF was added rapidly. The cooling bath was re- 
moved, and the mixture was stirred at 25 OC for 2 h. The mixture was 
recooled to -78 OC, trifluoroacetic acid (0.15 mL, 2.0 mmol) was added 
over 30 s, and the mixture was stirred at 25 OC for 1 h. The mixture was 
poured into saturated aqueous sodium carbonate solution at 25 OC, and 
the aqueous layer was extracted twice with ether. The combined organic 
layers were washed with saturated aqueous sodium chloride, dried 
(MgSO,), and concentrated by rotary evaporation. Purification of the 
residue by column chromatography (silica gel, 7:3 pentane/ethyl acetate) 
gave 0.0178 g (79%) of (3S,6R)-17 as a yellow oil: 130.9O (c 0.2, 

J = 9.4 Hz, PhCH=CH), 1.18 (t, J = 7 Hz, P(OCH2CH,),), 1.13 (s, 

= 9, 6.3 Hz, CH3CH=CH), 1.43 (t, J 6 Hz, CH,CH=CH), 1.29 

(P(OCH,CH,),), 52.61 (CH,CH=CH), 34.32 (C(CH,),), 26.23 

(t, J = 7 Hz, P(OCH2CH3)2), 1.02 (s, C(CH3)3); I3C NMR (CDCI3, 50 

a&H3)2) ,  59.47, 49.72 (CH~CH=SCH), 35.48 (C(CH,),), 26.4 (C- 
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CHCI,); 1R (CDCI,) 3500, 2980, 2880, 2245, 1700, 1460, 1360 cm-'; 
' H  NMR (CDC13, 200 MHz) 6 3.84 (s, C(=O)CHOH), 3.05 (s, OH), 
2.76 (dd, J = 18, 3 Hz) and 2.50 (dd, J = 16, 10 Hz, C(=O)CH,CH), 
2.26 (m, C(=O)CH,CHCH,), 1.36 (s) and 1.34 (s, C(CH,),CN), 1.00 

190.70 (C=O), 124.25 (CN), 85.27 (CHOH), 45.17 (C(=O)CH,), 
37.66, 36.13, and 35.63 (CHCH,, C(CH,),CN, and C(CH,),), 26.48, 
25.25, 24.16, and 15.38 (C(CH,), and other CH, groups): MS (CI), m/e  
(relative intensity) 226 (8.6, M+ + l ) ,  197 (1.3), 169 (5.9), 138 (12.4), 
69 (100). Anal. Calcd for C,,H2,N02: C, 69.29; H, 10.29. Found: C, 
69.36; H, 10.09. 

This addition reaction was also done with ruc-5b to give the racemic 
adduct ruc-17. Peaks due to both enantiomers could readily be seen when 
the chiral shift reagent, tris[3-[(heptafluoropropyl)hydroxy- 
methylenel-(+)-camphorato]europium [Eu(hfc),, Aldrich 16,474-71, was 
added to an 'H NMR sample of rac-I7 in CDCI,. Especially prominent 
were the sharp, intense singlets for the tert-butyl and C(CH,),CN groups 
of the two enantiomers. In order to set a lower limit for the enantiomeric 
purity of the (3S,6R)-17 obtained above, small portions of ruc-17 were 
added to an 'H NMR sample of (3S,6R)-17 in CDC1, containing the 
chiral shift reagent. The enantiomeric compound, (3R,6S)-17, could be 
detected when the sample contained ca. 0.5% of this compound. 

Degradation of (3S,6R)-17 to (3R)-3,4,4-Trimethylpentanoic Acid 
[(R)-20]. A solution of periodic acid (HS106, 0.456 g, 2.00 mmol) and 
water (4 mL) was added to a solution of (3S,6R)-17 (0.096 g, 0.043 
mmol) and methanol (10 mL) at 25 0C.'5c The mixture was stirred for 
12 h and was then evaporated to dryness under reduced pressure. The 
residue was extracted with ether, and the extracts were evaporated by 
rotary evaporation. The remaining yellow oil was extracted with 1 N 
aqueous sodium hydroxide, the extracts were acidified with 1 N hydro- 
chloric acid, and the aqueous mixture was extracted with ether to give 
0.048 g (73%) of the cyano acid (R)-18 as an oil: [.]"D 15.6' (c 0.95, 
CHCI,); IR (film) 2600-3460 (br, OH), 2980 and 2940 (CH), 2230 
(CN), 1720 ( C d )  cm-I; IH NMR (CDCI,, 200 MHz) 6 2.14-2.75 (m, 
CHCHC02H), 1.38 (s) and 1.36 (s, CHC(CH,),)CN), 1.13 (d, J = 4 
Hz, CHCH,); I3C NMR (CDCI,, 50 MHz) 6 178.27 (C=O), 123.90 
(CN), 37.83, 37.39, and 36.10 (CH,CH(CH,)C(CH,),CN), 24.65 and 
24.06 (C(CH,),CN), 15.39 (CHCH,); MS (CI), m / e  (relative intensity) 
156 (M + l),  138 (100). Anal. Calcd for C,H,,NO,: C, 61.91; H, 8.44. 
Found: C, 61.75; H, 8.26. 

To a solution of (R)-18 (0.052 g, 0.33 mmol) in ether (10 mL) at 0 
OC under nitrogen was added a 1 M solution of diisobutylaluminum 
hydride (1.2 mL, 1.2 m m ~ l ) . ' ~  The mixture was stirred at 0 OC for 1 
h, 1 N hydrochloric acid (20 mL) was added, and the aqueous layer was 
extracted with ether (2 X 20 mL). The crude product obtained from the 
combined organic layers was extracted with aqueous sodium hydroxide, 
and reacidification with hydrochloric acid gave 0.017 g (40%) of the 
carboxyaldehyde (R)-19 as an oil: [.I2'D 17.6' (c 0.31, CHCI,); IR 
(film) 2600-3300 (br, OH), 2990 and 2940 (CH), 2700 (C(0)-H), 
1720 (C(=O)H), 1710 cm-' (C(=O)OH); 'H NMR (CDCI,, 200 
MHz) 6 9.47 (s, C02H), 2.02-2.46 (m, CHCH,CO,H), 1.03 (s, C- 

(CHC02H), 33.99 (CHCH,), 18.53 and 18.32 (C(CH,),CHO), 14.81 
(CH3CH). 

A mixture of (R)-19 (80 mg, 0.5 mmol), diethylene glycol (10 mL), 
85% hydrazine hydrate (1 mL), and potassium hydroxide (0.5 g) was 
heated gently to dissolve the potassium hydroxide and was then heated 
at reflux for 4 h.,O Water and excess hydrazine were distilled from the 
mixture heated in an oil bath at 240 OC. Additional hydrazine hydrate 
(1 mL) was added, and the mixture was heated at reflux for an additional 
12 h. The mixture was cooled to 0 OC, 1 N hydrochloric acid (20 mL) 
was added, and the mixture was extracted with ether. The organic layer 
was washed with water, dried (MgSO,), and concentrated by rotary 
evaporation. Kugelrohr distillation of the residue gave 0.040 g (55%) of 
the acid (R)-20 as a clear, colorless oil: [a]25D 21.7' (c 0.9, EtOH) [lk2'  
[a]25D 20.6' (c 2.5, EtOH); IR (film) 2600-3300 (br, OH), 2960 and 
2930 (CH), 1710 (C=O), 1465, 1410, 1399 cm-'; 'H NMR (CDCI,, 
200 MHz) 8 11.0 (s, CO,H), 1.81-2.60 (m, CHCH,CO,H), 0.92 (d, J 

(5, C(CH3)3), 1 .OO (d, J = 6 Hz, CH3CHCH2); I3C NMR (CDCI,) 6 

(CH,)z)CHO), 0.97 (d, J = 8 Hz, CHCH,); "C NMR (CDCI,, 50 
MHz) 6 205.67 (CHO), 178.8 (COlH), 48.50 (C(CH,),CHO), 36.69 

= 9 HZ, CHCH,), 0.88 ( s ,  C(CH3)3); "C NMR (CDCl,, 50 MHz) 6 
180.74 (COZH), 39.82 (CHCH,), 37.33 (CH,C02H), 32.73 (C(CH,),), 
27.08 (C(CH,),), 15.01 (CH,CH). 
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Abstract: Amphotericin B (1 )  was converted to a series of protected derivatives (3-5, 27). Compound 5 was degraded by 
ozonolysis and further elaborated to fragments 8, 14, and 15, three potential intermediates in a projected total synthesis of 
amphotericin B (1). A novel oxidative deglycosidation procedure based on radical bromination was devised and applied to 
the degradation of 5 and 27 to heptaenones 21 and 28, respectively. These heptaenones were stereospecifically reduced with 
sodium borohydride to amphoteronolide B derivatives 23 and 29, respectively. The R stereochemistry of the (2-19 hydroxyl 
group arising from the reduction of these polyenones was confirmed by using Nakanishi's CD method on derivative 26 obtained 
by appropriate chemical manipulations of the reduction products. The aglycon of amphotericin B, amphoteronolide B (2), 
was obtained from 29 by desilylation followed by methyl ester hydrolysis. 

The polyene macrolide class of antibiotics, encompassing 
hundreds of compounds, is one of the most challenging areas of 
natural products chemistry due to the complexity and biomedical 
importance of its members.' Amphotericin B (1),2 the most 
prominent member of this class and a widely used antifungal agent, 
is produced by Streptomyses nodosus and is the only member of 
this family of compounds whose structure has been fully estab- 
lished by X-ray crystallographic a n a l y ~ i s . ~  Serious difficulties 
in the chemistry of these natural products have long been rec- 
ognized and are  responsible for the notable scarcity of full 
structural elucidations and the lack of semisynthetic materials 
for biological and chemical investigations. The  origin of these 
problems rests in the high molecular weight of these compounds 
and their lack of crystallinity and solubility in common organic 
solvents, as well as high chemical and photosensitivities. It is, 
therefore, not surprising that despite many attempts, this field 
remains largely unexplored. With the long term intention of 
opening the field to chemical and biological investigations, we 
recently embarked on a program directed toward the exploration 
of the chemistry of amphotericin B (1). Our immediate goals were 
the derivatization and degradation of amphotericin B (1) and the 
preparation of its aglycon, amphoteronolide B (2 ) ,  as a prelude 
to eventual total syntheses of these and other potentially bioactive 
materials. 

OH 

1 : Amphotericin B, R = -p5z."' 
NH2 

OH 
2 :  Amphoteronolide E, R = H 

'This paper is dedicated with respect and affection to Professor E. J. Corey 
on the occasion of his 60th birthday. 

Amphoteronolide B ( 2 )  and its derivatives are important 
chemical entities from a number of perspectives, including (a)  
possible biological activity and natural occurrence, (b) potential 
starting points for enzymatic and chemical preparation of am- 
photericin B analogues, and (c) advanced intermediates and 
comparison/relay stages for an eventual total synthesis of am- 
photericin B (1) itself. In this paper we describe our studies on 
the chemistry of amphotericin B ( l ) ,  including protection and 
d e g r a d a t i ~ n , ~  oxidative deglycosidation, and conversion to am- 
photeronolide B (2) .5  

Results and Discussion 
Protection and Degradation of Amphotericin B (1).  After a 

brief encounter with amphotericin B (1) it was soon recognized 
that a prerequisite to the development of its chemistry was to 
produce derivatives that were soluble in common organic solvents, 
facilitating both chromatographic and spectroscopic work. Pre- 
vious work6 has shown that selective acetylation of the amino group 
(Ac20)  followed by methylation of the carboxyl group (CH,N2) 
leads to the N-acetylamphotericin B methyl ester (3) with im- 
proved physical properties over 1 but still presenting solubility 
and chromatographic problems. Further protection, preferably 
differentiating the various hydroxyl groups, was, therefore, sought. 
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