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15% NMR vyield of another ZrCp, derivative, which was indis-
tinguishable from a species obtained by treating I,I-bis(n’-
cyclopentadienyl)-2,3,4,5-tetraphenyl- I -zirconacyclopentadiene
with PhLi. This contamination hampered attempts to obtain 7a
as a pure compound. Furthermore, its 'H and *C NMR spectra
were relatively uninformative.'>!*>  Fourthly, treatment of
Cp,Zr(C==CTol-p), with 2 equiv of PhLi in the presence of
PhC==CPh produced, after protonolysis with 3 N HCI, a 62%
GLC yield of (Z)-PhCH==CHTol-p without producing (Z)-
stilbene (<0.2% if any). Tolan was recovered to the extent of 86%.
The results clearly rule out dissociative mechanisms, such as that
proceeding via reductive elimination to give free PhC=CTol-p
followed by complexation, and point to a nondissociative mech-
anism, such as 1,2-migration.
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(a) Erker, G.; Kropp, K. J. Am. Chem. Soc. 1979, 101, 3659. (b) Kropp, K.;
Erker, G. Organometallics 1982, 1, 1246. (c) Buchwald, S. L.; Watson, B.
T.; Huffman, J. C. J. Am. Chem. Soc. 1986, 108, 7411. (d) Buchwald, S.
L.; Lum, R. T.; Dewan, J. C. J. Am. Chem. Soc. 1986, 108, 7441. (e)
Buchwald, S. L.; Nielsen, R. B. Chem. Rev. 1988, 88, 1047 and references
therein.

(11) Under comparable conditions, 8 reacted readily with alkynes, acetone,
and benzaldehyde to give the expected five-membered zirconacycles, which
were protonolyzed to give the corresponding dienes and allylic alcohols.”310

(12) Attempts to obtain crystalline samples of 7a for X-ray analysis have
so far failed.

(13) The most informative NMR data were obtained with 4c. '"H NMR
(CeDe. Me,Si): 6 1.73 (s, 3 H), 1.81 (s, 3 H), 2.33 (s, 3 H), 4.8-4.85 (m, 2
H), 4.9-4,95 (m, 1 H), 5.0-5.05 (m, | H), 5.25-5.3 (m, 2 H), 5.57 (s, 10 H).
In addition, the 'H signals for approximately two molecules of THF per
complex were seen at 8 1.15-1.3 and 3.4-3.55. *C NMR (THF-d;, Me,Si):
5 23.17, 24.49, 24.83, 97.84, 104.97 (Cp), 107.75, 114.39 (CH,), 11491
(CH,), 114.99 (CH,), 126.73, 130.28, 130.77, 131.70, 134.82, 148.34, 207.32.
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Carbacyclin (1)' and isocarbacyclin (3),'® stable analogues
of the unstable hemostase regulator prostacyclin (2),'® are the
prototypes of a new generation of antithrombotic drugs. Modi-
fication mainly of their side chains has led to the attainment of
highly potent derivatives? which show great promise for the

(1) (a) Kojima, K.; Sakai, K. Tetrahedron Lett. 1978, 19, 3743, (b)
Shibasaki, M.: Torisawa, Y.; lkegami, S. Tetrahedron Lett. 1983, 24, 3493,
(c) Moncada, S.; Gryglewski, R.; Bunting, S.; Vane, J. R. Nature 1976, 263,
663.

(2) (a) Skuballa, W.; Vorbriiggen, H. Angew. Chem., Int. Ed. Engl. 1981,
20. 1046. (b) Aristoff, P. A.: Johnson, P. D.; Harrison, A. W. J. Org. Chem.
1983, 48, 5341. (c) Flohé, L.; Bohlke, H.; Frankus, E.; Kim, S.-M. A,; Lintz,
W.; Loschen, G.: Michel, G.: Miiller, B.; Schneider, J.; Seipp, U.; Vollenberg,
W.; Wilsmann, K. Arzneim.-Forsch./Drug Res. 1983, 33, 1240. (d) Skuballa,
W.; Schillinger, E.; Sturzebecher, C.-S.; Vorbriggen, H. J. Med. Chem. 1986,
29, 313. (e) Kojima, K.; Amemiya, S.; Koyama, K.; Saito, S.; Oshima, T.;
1to, T. Chem. Pharm. Bull. 1987, 35, 4006. (f) Nickolson, R. C.; Town, M.
H.; Vorbriiggen, H. Med. Res. Rev. 1985, 5, | and references cited therein.
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treatment of obliterative peripheral artery disease.> Recently we
described a stereoselective synthesis of carbacyclins via Ni-cat-
alyzed cross-coupling reactions of the enantiomerically pure alkenyl
sulfoximine 4* with organozinc compounds.> We reasoned that
4 would likewise allow for a versatile synthesis of isocarbacyclins®
provided it can be isomerized to the allylic sulfoximine § and this
in turn made to allylate organocopper reagents such as, e.g.,
LiCu[(CH,),OCH(Me)OEt], (6a)" or Cu(CH,),OCH(Me)OEt
(6b),” and CIMgCu(CH,OCH,Ph), (7a) or CuCH,0CH,Ph
(7b),”® to give the precursors 8® and 9,552 respectively (Scheme
1), which were synthesized previously {with other protecting
groups) by less direct routes.

Allylic sulfones gained synthetic importance since they allow
the allylation of carbon electrophiles as well as nucleophiles via
alkylation of their mono-® and dicarbanion'®!!f salts and transition
metal mediated substitution with organometallics or carbanion

(3) Skuballa, W.; Schifer, M. Nachr. Chem., Tech. Lab. 1989, 37, 584.

(4) Erdelmeier, 1.; Gais, H.-J.; Lindner, H. J. Angew. Chem., In1. Ed. Engl.
1986, 25, 935.

(5) Erdelmeier, 1.; Gais, H.-J. J. Am. Chem. Soc. 1989, 111, 1125.

(6) For recent syntheses, see: (a) Sodeoka, M.; Ogawa, Y.; Mase, T.;
Shibasaki, M. Chem. Pharm. Bull. 1989, 37, 586. (b) Hemmerle, H.; Gais,
H.-J. Angew. Chem., Int. Ed. Engl. 1989, 28, 1540. (c) Hashimoto, S.; Kase,
S.; Shinoda, T.; lkegami, S. Chem. Lett. 1989, 1063.

(7) (a) Gardette, M.; Alexakis, A.; Normant, J. F. Tetrahedron 1985, 41,
5887. (b) Hutchinson, D. K.; Fuchs, P. L. J. Am. Chem. Soc. 1987, 109,
4930.

(8) For the synthesis of isocarbacyclins via substitution of allylic acetates
or alcohols with organocopper reagents, see refs 6a,b and the following:
Bannai, K.: Tanaka, T.; Okamura, N.; Hazato, A.; Sugiura, S.. Manabe, K.;
Tomimori, K.; Kurozumi, S. Tetrahedron Lett. 1986, 27, 6353.

(9) See, for example: Gais, H.-J.; Vollhardt, J.; Lindner, H. J. Angew.
Chem.. Int. Ed. Engl. 1986, 25, 939 and references cited therein. Trost, B.
M. Bull. Chem. Soc. Jpn. 1988, 61, 107 and references cited therein.

(10) (a) Vollhardt, J.; Gais, H.-J.; Lukas, K. L. Angew. Chem., Int. Ed.
Engl. 1985, 24, 610. (b) Gais, H.-J; Vollhardt, J. Tetrahedron Lert. 1988,
29,1529. (c) Trost, B. M_; Merlic, C. A. J. Am. Chem. Soc. 1988, 110, 5216.
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salts,'%!" respectively. Their principle limitation, however, stems
from the achirality of the sulfonyl group which itself!? does not
impart asymmetric induction to either step. Allylic sulfoximines,
on the other hand, which were up to now almost completely
neglected,'? are chiral analogues of allylic sulfones, and they could
be used to circumvent this obstacle.'

Here we report on the regio- and enantioselective allylation of
organocopper reagents with optically active allylic sulfoximines
as exemplified in a new, versatile approach to isocarbacyclins
(Scheme 1) and a synthesis of exocyclic alkenes (Scheme II),
respectively.

Regiosclective isomerization of the alkenyl sulfoximine 4 was
accomplished by treatment with LiOMe (3 equiv, THF/
toluene/n-hexane, 5:4:1, 0 °C, 6 h) and subsequent aqueous
workup to give the allylic sulfoximine 5'5 in 97% yield. It con-
tained, according to HPLC analysis, not more than 0.5% of the
easily separable endocyclic isomer. The position of the CC double
bond in § was assigned by '"H NMR decoupling experiments.

We were gratified to find that reaction of § with 3 equiv of the
homocuprate 6a’'% (ether. Me,S; -35 °C) proceeded highly
selectively and delivered a 96% yield of the endocyclic alkene 8
with £0.5% of the ~-substitution product 10 (Scheme I).

Regioselective substitution in the v-position,'” on the other
hand, can be achieved by treatment of 4 equiv of the organocopper
reagent 6b7'%® (THF, Me,S; =30 °C, 3 h), to which at =78 °C
an equimolar amount of BF;+OEt, was added'’® with a solution
of I equiv of the allylic sulfoximine § in THF. The exocyclic
alkene 10 could be isolated in 86% yield as a single diastereomer
together with 2% of 8. Without BF»OEt, no substitution of §
with 6b took place. Assignment of the configuration of 10 as
depicted was made in analogy to that of the alkene 11, which was
synthesized in a similar manner in 68% yield as a single diaste-
reomer from § and CuMe/BF;-OEt, and whose configuration
could be determined by 'H NOE experiments.

Surprisingly, when the allylic sulfoximine § (THF, -78 °C)
was combined with 4 equiv of the a-alkoxy organocopper reagent
7b,”>1% and then | equiv of BF;:OEt, (THF; =78 °C) was added,
substitution occurred not in the - but in the a-position and gave,
with 298% regioselectivity in 89% yield, the endocyclic alkene
9. An excess of BF3-OFEt, has to be avoided since an unwanted
but interesting side product, the homologue of 9 with a (ben-
zyloxy)propyl instead of a (benzyloxy)ethy! group, is formed in
up to 20% yicld (by using 4 equiv of BF;:OEt,). Substitution of
5 with the homocuprate 7a is very slow but occurs selectively also
in the «-position to yield 9.

Conversion of the bicyclic alkenes 8 and 9 into the corresponding
isocarbacyclin precursors having the complete upper side chains

(11) (a) Trost, B. M.; Schmuff, N. R.; Miller, M. J, J. Am. Chem. Soc.
1980, /02, 5979. (b) Julia, M.; Righini, A.; Verpeaux, J.-N. Tetrahedron
1983, 39, 3283. (c) Masaki, Y.; Sakuma, K.; Kaji, K. J. Chem. Soc., Perkin
Trans. 1 1985, 1171. (d) Cuvigny, T.; Julia, M. J. Organomet. Chem. 1986,
317, 383. (e) Bickvall, J.-E.; Juntunen, S. K. J. Am. Chem. Soc. 1987, 109,
6396. (f) Gais. H.-J.; Ball, W. A.: Bund, J. Tetrahedron Let:. 1988, 29, 781.
(g) Trost, B. M; Craig, A. M. J. Org. Chem. 1990, 55, 1127.

(12) A synthesis of a racemic allylic sulfoximine has been described:
Johnson, C. R.; Jonsson, E. U.; Wambsgans, A. J. Org. Chem. 1979, 44, 2061.

(13) For optically stable lithium salts of chiral a-sulfonyl carbanions
however, see: Gais, H.-J.; Hellmann, G.; Giinther, H.; Lopez, F.; Lindner,
H. J; Braun, S. Angew. Chem., Int. Ed. Engl. 1989, 28, 1025. Gais, H.-J;
Hellmann, G.; Lindner, H. J. Angew. Chem., Int. Ed. Engl. 1990, 29, 100.

(14) Asymmetric induction in transition-metal-mediated substitutions of
allylic sulfoxides''® has apparently not been studied perhaps because of their
thermal racemization (Bichart, P.; Carson, J. J.; Miller, E. G.; Mislow, K. J.
Am. Chem. Soc. 1968, 90, 4869) and the loss of chirality at the S atom.

(15) § is readily converted by n-PrLi (THF, 0 °C) via deprotonation in
a-position to a stable lithjum salt: Erdelmeier, 1. Ph.D. Thesis, Technische
Hochschule, Darmstadt, Germany, 1990.

(16) (a) Prepared from 2 equiv of Li(CH,),OCH(Me)OEt™ and | equiv
of Cu(1)! in ether/Me,S (-60 °C — -35 °C). (b) Prepared from 1 equiv of
Li(CH,);OCH(Me)OEt™ and 1 equiv of Cu(l)] in THF/Me,S (-65 °C —
-35°C). (c) Prepared from | equiv of CIMgCH,OCH,Ph (Castro, B. Bull.
Soc. an’m. Fr. 1967, 153) and | equiv of Cu(l)! in THF/Me,S (60 °C —
-45 °C).

(17) (a) Yamamoto, Y. Angew. Chem., Int. Ed. Engl. 1986, 26, 947. (b)
For a recent investigation of the structure of the Yamamoto reagent, see:
Lipshutz, B. H.; Ellsworth, E. L.; Dimock, S. H. J. Am. Chem. Soc. 1990,
112, 5869.
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was carried out as described earlier by us® and by others?< for
closely related cases.

Next, asymmetric induction exerted by the sulfoximine group
in ~-substitution was studied in the case of the allylic sulfoximine
13 with different organocopper reagents (Scheme II). Enan-
tiomerically pure 13 was synthesized in 77% overall yield by
isomerization (LiOMe, toluene/THF, 40 °C) of the alkenyl
sulfoximine 12, which was obtained from cyclopentanone and
(S)-LiCH,S(0)(NMe)Ph'® as described for 4.4 We were pleased
to note that the allylic sulfoximines § and 13 suffer at the S atom
no epimerization and racemization, respectively, by heating, e.g.,
to reflux in toluene solution, and are stable.

Addition of the sulfoximine 13 to a THF/Me,S/ether solution
of 4 equiv of 6b and 4 equiv of BF;:OEt, at ~100 °C and warming
of the resulting mixture to =78 °C within 4 h gave, with 298%
regioselectivity, the vy-substitution product 14 in 90% yield after
workup. According to GC analysis of the trifluoroacetate of the
parent alcohol on an octakis(2,3-di-O-pentyl-6-O-methyl)-v-
cyclodextrin capillary column,' 14 had an ee value of 71%.
Similar treatment of 13 with CuCH,CH,Ph in the presence of
BF3:OEt, gave in 87% yield a mixture of the alkene 15 and its
endzoocyclic isomer in a ratio of 9:1 with an ee value of 78% for
15.

As a last example we synthesized, by reaction of 13 with Cu-
(CH3),(CH; (4 equiv, THF, =100 °C — =78 °C, 12 h) in the
presence of 4 equiv of BF;+OEt,, the alkene 16%'* with 299.5%
regioselectivity in 95% yield. Ozonolysis of 16 (MeOH, CH,Cl,,
-45 °C; Me,S) cleanly afforded in 93% yield the ketone 17,2421
which according to its chiroptical data had the S configuration
and an ee value of 67%. Thus 16 has the S configuration. On
the basis of this finding and by assuming the same sense of
asymmetric induction for all three substitution reactions of 13,
the configuration of 14 and 15 was tentatively assigned as R.
Baeyer-Villiger oxidation of 17 (m-CIC,H,COOOH, CHCl;)?¢
gave in 86% yield hexadecanolide (18), whose chiroptical data
indicated an ee value of 67% and the S configuration.?

Besides the alkenes 8-11, and 14-16 in 90-95% yield, the
sulfinamides (R)- and (S)-Me(H)NS(O)Ph,!? respectively, were
isolated whose chiroptical data and '"H NMR spectra in the
presence of Eu(tfc); (AA(NMe) = 0.67) indicated an ee value
of 297%. Thus, substitution of § and 13 occurs with complete
retention of configuration at the sulfur atom. We note that
because of the known conversion of (S)-Me(H)NS(O)Ph into the
sulfoximine (S)-MeS(O){NMe)Ph!223 chirality is retained.

The above enantioselective substitutions of 13 with organocopper
reagents are to the best of our knowledge the first examples for
asymmetric induction by a chiral carbanion stabilizing nucleofuge
in metal-assisted allylic substitutions.?*

(18) Johnson, C. R.; Schroeck, C. W.; Shanklin, J. R. J. Am. Chem. Soc.
1973, 95, 7424. Gais, H.-J.; Erdelmeier, 1.; Lindner, H. J.; Vollhardt, J.
Angew. Chem., Int. Ed. Engl. 1986, 25, 938.

(19) Konig, W. A. Nachr. Chem., Tech. Lab. 1989, 37, 471 and references
cited therein.

(20) Determined by 'H NMR spectroscopy in the presence of Ag(fod)/
Pr(tfc); (Wenzel, T. J.; Bettes, T. C.; Sadlowski, J. E.; Sievers, R. E. J. Am.
Chem. Soc. 1980, 102, 5903) (CDCl;, 100 mol %, AA8(=CH,) = 0.06).

(21) (a) For an alternative synthesis of optically active alkenes of this type,
see: Johnson, C. R.; Meanwell, N. A. J. Am. Chem. Soc. 1981, 103, 7667.
For alternative syntheses of optically active ketones of this type, see: (b)
Enders, D. In Asymmetric Synthesis, Morrison, J. D., Ed.; Academic Press:
Orlando, 1984; Vol. 3, p 275. Bergbreiter, D. E.; Newcomb, M. In Asym-
metric Synthesis; Morrison, J. D., Ed.; Academic Press: Orlando, 1983; Vol.
2, p 2439 and references cited therein. Johnson, C. R.; Zeller, J. R. Tetra-
hedron 1984, 40, 1225 and ref 22d.

(22) (a) Pirkle, W. H.; Adams, P. E. J. Org. Chem. 1979, 44, 2169. (b)
Servi, S. Tetrahedron Lett. 1983, 24, 2023. (c) Mori, K.; Otsuka, T. Tetra-
hedron 1985, 41, 547. (d) Mori, A.; Yamamoto, H. J. Org. Chem. 1985, 50,
5446. (e) ent-18 is a pheromone of Vespa orientalis: Mori, K. Tetrahedron
1989, 45, 3233,

(23) CAUTION! The chlorination of (S)-Me(H)NS(O)Ph as the first step
in the synthesis of (5)-MeS(O)(NMe)Ph with Cl, in ether at =78 °C!2 is
hazardous. On repetition an inflammation of the reaction mixture occurred
in our laboratory even at low temperature (Johnson, C. R.; Jonsson, E. U.;
Bacon, C. C. J. Org. Chem. 1979, 44, 2055). The nonhazardous chlorination
method described by Pyne (Pyne, S. G. J. Org. Chem. 1986, 51/, 81) should
be used instead.
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Triplet-derived. carbon-centered radical pairs in micelles un-
dergo geminate processes in a few hundred nanoseconds.*® In
this time, the two radicals in a given micelle undergo several
encounters. However, for reaction to take place between them,
the radical pair must first cross from the triplet to the singlet state.
That crossing can be slowed down further by applying a magnetic
field that induces Zeeman splitting of the triplet sublevels. Earlier
work has indicated that hyperfine couplings play an important
role in controlling the decay of these radical pairs.’

The rate constant, k.., for radical-pair reaction within a
micelle is determined by diffusional processes and spin interactions.
It can be expressed in terms of the rate constant for radical-radical
encounters, k., and the probability, f, that a given encounter will
have singlet character, eq 1.0

krcacn = kef (l)

For a triplet-derived radical pair, the maximum value of f will
be 0.25 if the radicals can separate over large distances so that
the electron-exchange interaction, J, vanishes. However, this
situation does not often arise in micelles where separation is limited
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(2) NRCC.
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Contract DE-AC06-76RL0-1830.
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104, 5673.

(5) Gould, 1. R.; Zimmt, M. B.; Turro, N. J,; Baretz, B. H.; Lehr, G. F.
J. Am. Chem. Soc. 1985, 107, 4607.

0 (6) Czloss, G. L.; Forbes, M. D. E; Norris, J. R., Jr. J. Phys. Chem. 1987,
1, 3592,

(7) Levin, P. P;; Kuz'min, V. A. Izv. Akad. Nauk SSSR, Ser. Khim. 1988,
298.

(8) Turro. N. J.; Zimmt, M. B.; Gould, I. R. J. Phys. Chem. 1988, 92, 433.

(9) This has been the subject of a recent comprehensive review: Steiner,
U. E.; Ulrich, T. Chem. Rev. 1989, 89, 51.

(10) Evans, C. H.; Scaiano, J. C. J. Am. Chem. Soc. 1990, 112, 2694.
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Figure 1. Transient absorption spectra following excitation of benzo-
phenone (3 mM) in SDS micelles (0.2 M) in the presence of thiophenol
(29 mM) ca. 6 ns after the laser pulse. The insert shows a decay trace
recorded at 540 nm.

by the phase boundary. Here, f will roughly depend upon J! and
hence on r, the average separation between the radicals.!' By
contrast, k. is proportional to ™" (2 < n < 3). The intramicellar
encounter time (l/k,) can be expected to be of a magnitude
comparable to those observed for excimer formation and energy
transfer in related (but larger) micelles; these values are in the
50-100-ns range.'?'?

It has long been known that magnetic resonance properties such
as differences in g values and/or hyperfine interactions control
spin-state relaxation. To date, most of the experiments have
focused upon the role of hyperfine interactions. We reasoned that
in order to identify a system with very fast spin relaxation we
should investigate radicals with broad or undetectable EPR lines.
In this work, we have deliberately introduced a radical with a very
anisotropic g tensor as partner in a triplet radical pair and show
that this property can induce rapid loss of triplet character.

The system investigated involved the reaction of benzophenone
triplet with thiophenol, reaction 2. Laser flash photolysis (337
or 308 nm) was used to monitor the triplet at 600 nm to avoid
interference from Ph,C*OH (A, 540 nm) or PhS* (A, 450
nm)."* In benzene, k, = (2.6 £ 0.4) X 103 M~' 57! as determined
from the effect of thiophenol on the rate of benzophenone triplet
decay.

3Ph,CO* + PhSH — Ph,C*OH + PhS* 2)

When benzophenone (0.003 M) was photolyzed in sodium
dodecy! sulfate (SDS; 0.2 M) micelles, the ketone triplet decayed
predominantly by hydrogen abstraction from the surfactant (r
~ 300 ns).* However, addition of thiophenol shortened the triplet
lifetime (reaction 2) monitored at 600 nm, and at thiol concen-
trations 20.03 M (which leads to occupancies >7), it was below
our detection limit (<5 ns). At this point, abstraction from the
surfactant can be neglected. The transient spectrum corresponds
to the thiyl (450 nm)!® and ketyl (540 nm) radicals (Figure 1).
The lifetimes for both transients were ca. 20 ns (see insert in Figure
1) and independent of further addition of thiol. There was no
residual absorption following the decay, indicating that radical
escape from the micelle was negligible and that decay took place

(11) Wertz, J. E; Bolton, J. R. Electron Spin Resonance. Elementary
Theory and Practical Applications; McGraw-Hill: Toronto, 1972. The
relationship between J and r depends upon orbital overlap and falls off rapidly
at larger interradical distances: Tse, J. C., unpublished results.
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83, 1871.
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Scaiano, J. C. J. Am. Chem. Soc. 1980, 102, 7747. Scaiano, J. C.; Tanner,
M.; Weir, D. J. Am. Chem. Soc. 1985, 107, 4396.
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