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Abstract: A new method for the asymmetric synthesis of anti-configured homopropargylic alcohols 1 is
described, which features the addition of chiral sulfonimidoyl substituted bis(allyl)titanium complexes 3 to
aldehydes, the methylation of sulfonimidoyl substituted homoallylic alcohols 2 at the N-atom, and the
elimination of alkenyl (dimethylamino)sulfoxonium salts 7 with LiN(H)Bu. The reaction of isopropyl,
cyclohexyl, and methyl substituted allylic titanium complexes 3a—c with benzaldehyde, p-bromobenzal-
dehyde, p-chlorobenzaldehyde, p-methoxybenzaldehyde, (E)-3-phenylpropenal, and phenylpropynal afforded
with high regio- and diastereoselectivities the anti-configured sulfonimidoyl substituted homoallylic alcohols
2a—j, respectively. Only one allylic unit of the titanium complexes 3a—c was transferred in the case of
unsaturated aldehydes, and the starting allylic sulfoximines 2a—g were recovered in approximately 50%
yield. The methylation of the silyl protected alkenyl sulfoximines 6a—j with Me;OBF, gave in practically
quantitative yields the (dimethylamino)sulfoxonium salts 7a—j, respectively. Salts 7a—e, 7g, 7h, and 7j
delivered upon treatment with 2 equiv of LiN(H)#Bu the enantio- and diastereomerically pure saturated and
unsaturated alkynes 9a—e, 99, 9h, and 9j, respectively, in high yields. Besides the alkynes the sulfinamide
8 (96% ee) was isolated. Aminosulfoxonium salts 9f and 9i, which carry a CC triple bond, also suffered an
elimination under these conditions but did not yield the corresponding diynes. Elimination of salts 7a—e,
79, 7h, and 7j proceeds most likely through deprotonation at the a-position with formation of the novel
alkylidenecarbene aminosulfoxonium ylides 19a—e, 19g, 19h, and 19j, respectively. The ylides 19a—e,
199, 19h, and 19j presumably eliminate sulfinamide 8 with generation of the chiral nonracemic
(B-siloxyalkylidene)carbenes 20a—e, 20g, 20h, and 20j, which suffer a 1,2-H-shift with formation of alkynes
9. Support for the formation of the putative alkylidenecarbenes 20 as intermediates comes from the
elimination of the A-methyl substituted aminosulfoxonium salt 24, which delivered the enantio- and
diastereomerically pure 2,3-dihydrofuran derivative 28 upon treatment with LiN(H)#Bu in high yield. Here,
the putative (5-siloxyalkylidene)carbene 26 suffers a 1,5-O,Si bond insertion rather than a 1,2-Me shift.
Methylation of the alkenyl sulfoximine 6a at the o-position with formation of 13 was achieved through
deprotonation of the former with formation of the a-lithioalkenyl sulfoximine 11a and its treatment Mel.
Reaction of the a-methylated alkenyl aminosulfoxonium salt 14a with LiN/Pr; at low temperatures gave the
enantio- and diastereomerically pure anti-configured homoallenylic alcohol derivative 15, while reaction of
the salt with LiN/Pr, or LiN(H)Bu at higher temperatures afforded the enantio- and diastereomerically pure
nonterminal homopropargylic alcohol derivative 17. Deprotonation of the alkenyl (dimethylamino)sulfoxonium
salts 7a and 7b with nBuLi afforded the novel alkylidenecarbene aminosulfoxonium ylides 19a and 19b,
respectively, which upon treatment with Mel yielded the methylated aminosulfoxonium salts 14a and 14b,
respectively.

Introduction of alcohols1 stems from the fact that terminal alkynes are
among the most versatile functional groups for the further
elaboration of a carbon skeletdér® Asymmetric synthesis of
alcoholsl from aldehydes with the concurrent formation of the
two stereogenic C-atoms has been accomplished mainly by two

Enantio- and diastereomerically pure homopropargylic alco-
hols of typel (Scheme 1) constitute an interesting class of
compoundg,which have frequently served as important building
blocks in natural product synthese€Ehe high synthetic utility

; . (1) (a) Marshall, J. A.; Yanik, M. MOrg. Lett.200Q 2, 2173. (b) O’'Malley,
*To whom correspondence should be addressed. E-mail: gais@ S.J.; Leighton, J. LAngew. Chem2001, 113 2999;Angew. ChemInt.
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Scheme 1 . Retrosynthesis and Synthesis of anti-Homopropargylic
Alcohols
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methods! The first method entails the synthesis of chiral
nonracemic allenylic metal compounds from the corresponding
chiral nonracemic propargylic alcohols and the addition of the
former to aldehydes (eq 2%,%° and the second method
encompasses the allylation of aldehydes with a chiral non-
racemic allylic metal reagent with formation of the correspond-
ing homoallylic alcohol$,which are then converted tbby a

(2) (a) Fried, J.; Sih, J. C.; Lin, C. H.; Dalven, 2.Am. Chem. S04 972 94,
4343. (b) Stork, G.; Isobe, M. Am. Chem. So&975 97, 4745. (c) Corey,
E. J.; Trybulski, E. J.; Melvin. L. S.; Nicolaou, K. C.; Secrist, J. A.; Lett,
R.; Sheldrake, P. W.; Falck, J. R.; Brunelle, D. J.; Haslanger, M. F.; Kim,
S.; Yoo, SJ. Am. Chem. Sod978 100, 4618. (d) Inanaga, J.; Kawanami,
Y.; Yamaguchi, M.Bull. Chem. Soc. JpriL986 59, 1521. (e) Akita, H.;
Matsukura, H.; Oishi, TTetrahedron Lett1986 27, 5397. (f) Baker, R.;
Boyes, R. H. O.; Broom, D. M. P.; O’'Mahony, M. J.; Swain, CJJChem.
Soc, Perkin Trans. 11987 1613. (g) Baker, R.; Head, J. C.; Swain, C. J.
J. Chem. SocPerkin Trans. 11988 85. (h) Skrydstrup, T.; Bechie, M.;
Khuong-Huu, F.Tetrahedron Lett.199Q 49, 7145. (i) Benéchie, M.;
Khuong-Huu, F.Synlett1992 266. (j) Nicolaou, K. C.; Bertinato, P.;
Piscopio, A. D.; Chakraborty, T. K.; Minowa, N.. Chem. So¢.Chem.
Commun1993 619. (k) Maier, M. E.; Haller, B.-U.; Stumpf, R.; Fischer,
H. Synlett1993 863. (I) White, J. D.; Bolton, G. L.; Dantanarayana, A.
P.; Fox, C. M. J.; Hiner, R. N.; Jackson, R. W.; Sakuma, K.; Warrier, U.
S.J. Am. Chem. Sod 995 117, 1908. (m) Feézou, J. P.; Julia, M.; Li,
Y.; Liu, L. W.; Pancrazi, A.Bull. Soc. Chim. Fr.1995 132 428. (n)
D’Aniello, F.; Mann, A.; Taddei, MJ. Org. Chem1996 61, 4870. (0)
Bénéchie, M.; Khuong-Huu, FJ. Org. Chem1996 61, 7133. (p) Panek,
J. S.; Hu, T.J. Org. Chem1997, 62, 4914. (q) D'Aniello, F.; Mann, A.;
Schoenfelder, A.; Taddei, Mletrahedron1997, 53, 1447. (r) Marshall,
A.; Johns, B. AJ. Org. Chem1998 63, 7885. (s) Marshall, J. A.; Palovich,
M. R. J. Org. Chem1998 63, 3701. (t) Marshall, J. A.; Fitzgerald, R. A.
J. Org. Chem1999 64, 4477. (v) Marshall, J. A.; Johns, B. A. Org.
Chem.200Q 65, 1501. (u) Marshall, J. A.; Adams, N. [rg. Lett.200Q
2, 2897. (v) Marshall, J. A.; Yanik, M. MJ. Org. Chem2001, 66, 1373.
(w) Marshall, J. A.; Schaaf, G. MJ. Org. Chem.2001, 66, 7825. (x)
Marshall, J. A.; Adams, N. DJ. Org. Chem2002 67, 733. (y) Marshall,
J. A.; Bourbeau, M. PJ. Org. Chem2002 67, 2751.
For reviews and a recent example, see: (a) Siegel, Somprehensie
Organic SynthesjsTrost, B. M., Fleming, 1., Eds.; Pergamon Press: Oxford,
1991; Vol. 8, p 417. (b) Boyd, G. V. Iithe Chemistry of the Triple-Bonded
Functional GroupsSupplement GZPatai, S., Rappoport, Z., Eds.; Wiley:
New York, 1994; Vol. 2, p 287. (c) Furk, M. I€omprehensie Organic
Functional Group Transformation&atritzky, A. R., Meth-Cohn, O.; Rees,
C. W., Roberts, S. M., Eds.; Pergamon: Oxford, 1995; Vol 1, p 997. (d)
Nicolaou, K. C.; Murphy, F.; Barluenga, S.; Ohshima, T.; Wie, H.; Xu, J.;
Gray, D. L. F.; Baudoin, OJ. Am. Chem. So00Q 122, 3830.
(4) Forreviews, see: (a) Marshall, J. 8hem. Re. 1996 96, 31. (b) Marshall,
J. A. Chem. Re. 200Q 100, 3163.
(5) (a) Marshall, J. A; Yu, R. H.; Perkins, J. ¥.0rg. Chem1995 60, 5550.
(b) Suginome, M.; Matsumoto, A.; Ito, YJ. Org. Chem1996 61, 4884.
(c) Marshall, J. A.; Perkins, J. F.; Wolf, M. Al. Org. Chem1995 60,
5556. (d) Marshall, J. A.; Adams, N. D. Org. Chem1998 63, 3812. (e)
Marshall, J. A.; Grant, C. MJ. Org. Chem1999 64, 8214. (f) Poisson,
J.-F.; Normant, J. FJ. Org. Chem.200Q 65, 6553. (g) Han, J. W.;
Tokunaga, N.; Hayashi, T. Am. Chem. So2001, 123 12915. (h) Savall,
B. M.; Powell, N. A.; Roush, W. ROrg. Lett.2001, 3, 3057. (i) Poisson,
J.-F.; Normant, J. FJ. Am. Chem. So@001, 123 4639. (j) Marshall, J.
A.; Chobanian, H. R.; Yanik, M. MOrg. Lett.2001, 3, 3369. (k) Marshall,
J. A.; Chobanian, H. RJ. Org. Chem200Q 65, 8357.
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one-carbon homologation following conversion to the corre-
sponding aldehydes (eq 2)°7 While both methods are
imaginative and efficient, their enantio- and diastereoselectivities
tend to be variable and the allylic metal method requires the
oxidative cleavage of a double bond, which imposes restriction
upon R and R. In addition, the large majority of applications
of both methods have been confined so far to the synthesis of
methyl substituted homopropragylic alcohdlgR! = Me) 8
Further routes leading to alcohdlsnclude the addition of chiral
nonracemic titanated allylic carbam&&or chlorine substituted
allylic boronate®Pito aldehydes followed by the elimination
of the corresponding aminocarbonyl@%y or chloriné® sub-
stituted homoallylic alcohols, the ring opening of chiral oxiranes
by alkynylmetal reagents eghn3&c the ring opening of chiral
propargylic oxiranes with organometal reagetshe base-
catalyzed ring opening of chiral methylene oxetatfemd the
substitution of chiral bromoallenols with organometal reagénts.
While the regioselective ring opening of oxiranes by alkynyl-
metal reagents is restricted to hydroxyalkyl substituted oxiranes,
the other routes have been so far applied only to the synthesis
of racemic homopropargylic alcohélsor even only to that of
one particular derivative afac-1 where R = Me.%1012Thus
the scope of these routes for the synthesis of nonracemic
alcohols1, which will crucially depend on the availability of
the chiral nonracemic starting matetfadnd the variability of
the substituents, has yet to be determined. Therefore, we felt
that it would be desirable to have a method which allows the
asymmetric synthesis of alcohdls carrying a wide range of
groups R and R including unsaturated and highly branched
ones, from aldehydes. We have recently shown that chiral
sulfonimidoyl substituted bis(allyl)titanium complex@¢R* =
Me, Et, iPr, cC¢Hi1, Ph) add with very high regio- and dia-
stereoselectivity to aliphatic aldehydes and benzaldehyde to give
enantio- and diastereomerically pure sulfonimidoyl functional-
ized homoallylic alcohols of typ2,1*15which have served for
example as starting material for the asymmetric synthesis of
(6) For reviews, see: (a) Yamamoto, Y.; Asao,@hem. Re. 1993 93, 2207.
(b) Roush, W. R. InMethods of Organic ChemistnHelmchen, G.,
Hoffmann, R. W., Mulzer, J., Schaumann, E., Eds.; Thieme Verlag:
Stuttgart, Germany, 1995; Vol. 21b, p 1410. (c) Thomas, E. Méthods
of Organic Chemistry HelImchen, G., Hoffmann, R. W., Mulzer, J.,
Schaumann, E., Eds.; Thieme Verlag: Stuttgart, Germany, 1995; Vol. 21b,
p 1508. (d) Hoppe, D. IMethods of Organic ChemistryHelmchen, G.,
Hoffmann, R. W., Mulzer, J., Schaumann, E., Eds.; Thieme Verlag:
Stuttgart, Germany, 1995; Vol. 21b, p 1551. (e) Hoppe, D.; Hense, T.
Angew. Chem1997 109 2376;Angew. Chem.nt. Ed. Engl 1997, 36,
2282. (f) Yanagisawa, A. IComprehensie Asymmetric CatalysiSacob-
son, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer-Verlag: Heidelberg,
Germany, 1999; Vol. I, Chapter 27. (g) Ahlbrecht, H.; Beyer Synthesis
1999 365. (h) Denmark, S. E.; Almstead, N. G. Modern Carbonyl
Chemistry Otera, J., Ed.; Wiley-VCH: Weinheim, Germany, 2000; p 299.
(i) Chemler, S. R.; Roush, W. R. IModern Carbonyl ChemistryOtera,
J., Ed.; Wiley-VCH: Weinheim, Germany, 2000; p 403.
For a synthesis of syn-configurddthrough an aldol-type reaction of an
aldehyde with a chiral nonracemic enolate with formation ofteydroxy
carbonyl derivative and its one-carbon homologation following conversion
to the corresponding aldehyde, see: Toyota, M.; Yamamoto, N.; Nishikawa,
Y.; Fukumoto, K.Heterocyclesl995 40, 115.
For recent asymmetric synthesesldR! = H), see: (a) Yu, C.-M.; Le, J.
Y.; So, B.; Hong, JAngew. Chem1998 110, 2504;Angew. Chemlnt.
Ed.1998 37, 2392. (b) Denmark, S. E.; Wynn, J. Am. Chem. So2001,
123 6199. (c) Evans, D. A.; Sweeny, Z. K.; Rovis, T.; Tedrow, JJS.
Am. Chem. So@001, 123 12095.
(9) Kocienski, P.; Dixon, N. JSynlett1989 52.
(10) Hoffmann, R. W.; Giesen, V.; Fuest, Miebigs Ann. Chem1993 629.
(11) Chemla, F.; Bernard, N.; Norman,Bur. J. Org. Chem1999 2067.
(12) Dollinger, L. M.; Howell, A. R.J. Org. Chem1998 63, 6782.
(13) Cao, G.-A.; Wang, Z.-X.; Tu, Y.; Shi, Yletrahedron Lett1998 39, 4425.
(14) (a) Gais, H.-J.; Miler, H.; Decker. J.; Hainz, RTetrahedron Lett1995
36, 7433. (b) Hainz, R.; Gais, H.-J.; Raabe. Tetrahedron Asymmetry
1996 7, 2505. (c) Gais, H.-J.; Hainz, R.; Mar, H.; Bruns, P. R.; Giesen,

N.; Raabe, G.; Runsink, J.; Nienstedt, S.; Decker, J.; Schleusner, M.;
Hachtel, J.; Loo, R.; Woo, C.-W.; Das, Bur. J. Org. Chem200Q 3973.
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f-substituted angB,-disubstiuteds-amino acids and of 1,3-
amino alcohols having three contiguous stereogentic C-atbms.
The allylic sulfoximines required for the synthesis of titanium
complexes3 and ent3 are readily accessible from the corre-
sponding aldehydes an&)¢ or (R)-N,S-dimethyl-Sphenylsul-
foximine, respectively“¢ Thus, provided an efficient alkenyl

sulfoximine to alkyne conversion could be devised (eq 1), the

homoallylic alcohol® should serve as versatile starting material

for the asymmetric synthesis of the 1,2-disubstituted homopro-

pargylic alcoholsl. A further prerequisite would be that not
only alkyl and aryl substituted derivatives &fbut also those

containing unsaturated groups can be secured with high

selectivities from the titanium complex8&sand aldehydes. In

this paper we describe a new method for the asymmetric

synthesis ofnti-homopropargylic alcohols of typebased on
the addition of titanated allylic sulfoximine3 to aliphatic,

aromatic, and other unsaturated aldehydes and the generation

and elimination of novel alkylidenecarbene aminosulfoxonium
ylides derived from sulfoximineg.

Results and Discussion

Sulfonimidoyl Substituted Homoallylic Alcohols. Up to
now only the reaction of bis(allyl)titanium complex8swith
aliphatic aldehydes and benzaldehyde had been stitlied.
Although mono(allyl)titanium complexes derived from allyl and
crotyl sulfoximine carrying an additional chiral substituent at

Scheme 2. Synthesis of Sulfonimidoyl Substituted Homoallylic
Alcohols from Aldehydes and Sulfonimidoyl Substituted
Bis(allyl)titanium Complexes

NM
1. nBuLi, THF, 0\:\ Ve
oMM gec | [RAA, S
R \/\/S\Ph 2. CITi(OiPr)s, tomn 2
-78°Ctort 2
4a-c —Ti(OiPr), 3ac
a:R'=Pr R2CHO,
b: R = cCeHy1 -78°C
.pl -
o R=le 0. ,NMe
1 S'/
3 RN “Ph
- Ti(OP
~ r
RZ/\‘/ﬁ w 9/ i(OiPr),
R' g0 ~4a-c RN
8\
Ph NMe R! /S'{'O
j: R® Ph" “NMe
2a-jR°=H CISiEts, ImH, 5aj
6a-j: R® = SiEt, DMF, rt

f.R" = iPr, R? = PhC=C

g: R' = cCgHy4, R? = pBrCgH,
h: R" = cCgH,4, R? = PhCH=CH
i R" = ¢cCgHq4, R? = PhC=C
j:R"=Me, R? = pBrCgH,

a:R'=iPr, R®= Ph

b: R" = iPr, R? = pBrCgH,

¢: R" = iPr, R? = pCICgH,

d: R' = iPr, R? = pMeOCgH,
e: R = iPr, R? = PhCH=CH

reaction of the titanium complexes with aldehydes to oétdr.
Treatment of titanium complex&a—c, which were not isolated,

the N-atom have been reported to react not only with saturatedWith 1.5 equiv, based on sulfoximinds—c, of benzaldehyde,

aldehydes but also with propenal with high selectivities,

p-bromobenzaldehyde:chlorobenzaldehyd@-methoxybenz-

diminished selectivities have been observed in the reaction of @dehyde, £)-3-phenylpropenal, and phenylpropynatet8°C
chiral allylic boron reagents with unsaturated aldehydes as proceeded in each case with high regio- and diastereoselectivity

compared to saturated aldehydés was therefore of interest
to see whether unsaturated aldehydes, such as for exaB)ple (

and gave the mono(allyl)titanium complex&a—j containing
the homoallylic alcohol@a—j, respectively, as alkoxy ligands.

the allylic titanium reagents with high selectivities. Included
into the reactivity study o8 with aldehydes wereg-chloro-
benzaldehyde angtbromobenzaldehyde in order to see whether
an elimination of the corresponding-chlorophenyl andp-
bromophenyl substituted homoallylic alcol®(R? = pCICgHy,
pBrCeH,) with bases with formation ofl (R2 = pCICgHy4,
pBrCsH,4) without a concomitant aryne formation or halogen

aldehydes at low temperatures and gave upon hydrolysis the
diastereomerically puranti-homoallylic alcohol®a—j together

with the starting allylic sulfoximineda—c. Homoallylic alcohols
2a—j and allylic sulfoximines4a—c, which were readily
separated by crystallization and chromatography, could be
obtained in 45-48% and 46-50% isolated yield, respectively.
We had found previously that reaction of mono(allyl)titanium

metal exchange, depending on the base used, could be accomplexes of types with aldehydes occurs only at higher

complished. The enantiomerically pure allylic sulfoximines
4a—c (Scheme 2) were prepared frong)-N,Sdimethyl-S
phenylsulfoximiné® and the corresponding aldehydes in good
yields by the additiorrelimination—isomerization route ac-
cording to the one-pot procedure described recéfitigeaction

of allylic sulfoximines 4a—c with 1.1 equiv of nBuLi in
tetrahydrofuran (THF) and titanation of the thus formed lithiated
allylic sulfoximines with 1.1 equiv of CITi(@Pr); gave the
isopropyl, cyclohexyl, and methyl substituted bis(allyl)titanium
complexes3a—c, respectively, together with equimolar amounts
of Ti(OiPr), which was found previously to be essential for the

(15) For the highly selective synthesis Bf(R* = H, Me) bearing a chiral
substituent at the N-atom, see: (a) Reggelin, M.; WeinbergeArdew.
Chem 1994 106, 489; Angew. Chem.Int. Ed. Engl 1994 33, 444. (b)
Reggelin, M.; Weinberger, H.; Gerlach, M.; Welcker, R.Am. Chem.
S0c.1996 118 4765. (c) Reggelin, M.; Zur, CSynthesi22000 1.

(16) Gais, H.-J.; Loo, R.; Das, P.; Raabe, T@trahedron Lett200Q 41, 2851.

(17) (a) Roush, W. R.; Park, J. G. Org. Chem199Q 55, 1143. (b) Ganesh,
P.; Nicholas, K. M J. Org. Chem1997, 62, 1737.

(18) (a) Brandt, J.; Gais, H.-JetrahedronAsymmetn1997, 8, 909. (b) Johnson,
C. R.; Schroeck, C. WJ. Am. Chem. S0d.973 95, 7418. (c) Fusco, R.;
Tericoni, F.Chim. Ind.(Milan) 1965 47, 61.

temperatures and proceeds with lower selectivities than that of
the titanium complexes of typ&14c However, in the case of
alkyl substituted complex&s(R?, R? = alkyl) high selectivities
were attained in the reaction with saturated aldehydes when
CITi(OiPr) was added to the reaction mixtur€.Surprisingly,

this modification was not successful in the case of the reaction
of titanium complexessa—j with aromatic and unsaturated
aldehydes. It seems that the selectivities of the reaction of mono-
(allyltitanium complexes of typ8& with unsaturated aldehydes

in the presence of CITi(iPr); are generally lower than that of
the reaction of bis(allyl)titanium complexe&swith saturated
aldehyded? In summary, in reactions of bis(allyl)titanium
complexes of type with aliphatic aldehydes in the presence
of CITi(OiPr); both allylic units can be utilized, whereas in the
reaction with unsaturated aldehydes it is only one unit which
can be transferred and half of the starting allylic sulfoximine is
recovered. Assignment of the anti-configuration of alcohols
2a—j was made on the basis of the NMR data in comparison

(19) Reddy, L. R.; Gais, H.-J.; Roder, D. Unpublished results.
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Figure 2. Reaction of sulfonimidoyl substituted bis(allyl)titanium com-
plexes with aldehydes.

Figure 1. Structure of2ein the crystal. complexes $9-3a—c, and (3) the reaction occurs through the
chairlike six-membered transition stafeS-A.14¢15¢These TS’s
feature, besides a coordination of the aldehyde to the Ti-atom,
pseudoequatorial 'Rand R groups and a pseudoaxial sulfon-
imidoyl group which is coordinated through the N-atom to the
Ti-atom and whose phenyl group adopts #eposition. It
seems surprising that the sulfonimidoyl group should adopt a
pseudoaxial position in th&S-A. However, for the reactions

of aldehydes with a number of allylic metal reagents, which
bear a heteroatom based substituent abtpesition, transition-
state models featuring a pseudoaxial position of that substituent
have been proposed to account for the selective formation of
the ©)-configured homoallylic alcohdThe origin of this effect

is, however, a matter of debate. The alterna8y€i,Z mode of
bond formation between the aldehydes and B)B)¢configured
complexes R R)-3a—c via the analogous transition stat&-B

is considered to be less favorable because here the phenyl group
of the sulfonimidoyl group, which is coordinated to the Ti-atom,
resides in the sterically more encumbereddcposition.
Interestingly, in the reaction of bis(allyl)titanium complexgs

with previous structure determinations of further derivatives of
2.14¢ A final proof of the absolute configuration of the allylic
homoallylic alcohoRewas provided by X-ray crystal structure
analysis (Figure 1). The hydroxy sulfoximi@efeatures in the
crystal an intermolecular hydrogen bond between the hydroxy
group and the N-atom of the sulfonimidoyl grotf.Finally,
silylation of the homoallylic alcohols2a—j afforded the
triethylsilyl ethers6a—j, respectively, in high yields.
Stereochemical Consideration.According to NMR spec-
troscopy the bis(allyl)titanium complex&a—c are configura-
tionally labile with regard to the &-atoms and exist in solution
mainly as equilibrium mixtures of th€,-symmetric cis,cis,-
trans-configured octahedral complex&R)-3a—c and §9-
3a—c (Figure 2)420abAccording to NMR spectroscopy and
crystal structure analysis of a derivative3pbearing two phenyl
groups at they-positionl4c the allylic sulfoximine ligands of
the titanium complexes are coordinated most likely in a bidentate
fashion via the @-atom and the N-atom to the Ti-atom.

Equilibratiqn of the diastereomeric co;nplexéSR)-Sa—c and with N-sulfonyl a-imino esters, which leads toSRE)-
(S9-3a—cis fast ‘f"t low temperatgr&% and proceeds perh,aPS configured homoallylic amines and requilsgReE processes,
through a reversible 1,3-C/N-shift of the Ti-atom containing 4 R R)-configured complexesR(R)-3 seem to be the faster
group of the typ(_e th_at has_un(_equwoca_lly been demonstrat_ed forreac'[ing oned? The essential role exerted by Ti@@), in the
the mono(a;IAIylz)outanlum t_rls(dlethylammo)_ complexes der_|ved addition of3a—c to the aldehydes may be that of providing for
from 4a—c. #*%Formation of GR,Z)-configured homoallylic 5 freq coordination site at the Ti-atom of the six-coordinate
alcohols2a—j entailsReReZ processes of the aldehydes with complexes, which is required for the coordination of the

the _titanium complexeSa—c. Th_is can be rationa_lized on the aldehyde through complexation of the sulfonimidoyl group of
basis of the CurtirHammett principlé' by assuming that (1) one allylic moiety

the dequllltg)ra?on c;f thte btlﬁ(alIy'[/rl1)t|_tan|un1t_comp':ﬁ><tﬁsRi)l-ga;c d Terminal Homopropargylic Alcohols. Treatment of alkenyl
a2n thﬁS)_IdahCo:S as ert anf elrt.re"ac 'c.)t?]\:” ei. N ydes, sulfoximines 6 with nBuLi or MeLi did not lead to an
(2) the aldehydes react preferentially with 485j-configure elimination of N-methyl phenylsulfinamide with formation of

alkynes9. Instead, a quantitative lithiation 6fat thea-position

(20) (a) Gais, H.-J.; Schleusner, M.; Bruns, P. Unpublished results. (b)
Schleusner, M. Ph.D. Thesis, RWTH Aachen, 2002. (c) Bruns, P. Ph.D.
Thesis, RWTH Aachen, 2002. (22) Schleusner, M.; Gais, H.-J.; Koep, S.; RaabeJ.@&Am. Chem. So2002

(21) Seeman, J. IChem. Re. 1983 83, 83. 124, 7789.
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Table 1. Asymmetric Synthesis of anti-Homopropargylic Alcohols from Aldehydesa?
compd Rt R? 2 yield (%) 2dr 6 yield (%) 7 yield (%) 9 yield (%) 1yield (%)
a iPr Ph 48 (84) >08:2 98 92 95 85
b iPr pBrCsHs 48 (87) >08:2 98 96 89 97
c iPr pClCsHa4 48 (87) >08:2 97 98 90 98
d iPr pMeOGCsH4 48 (87) >08:2 98 96 92 92
e iPr PhCH=CH 48 (80) >08:2 97 98 90 97
f iPr PhG=C 47 (96) >08:2 97 95 c c
g cCeH11 pBrCsHa 48 (80) >08:2 96 96 90 97
h cCeH11 PhCH=CH 45 (90) >08:2 98 96 90 97
i cCeH11 PhG=C 45 (87) >08:2 96 97 c c
j Me pBrCeHa 48 (92) >08:2 97 99 91 98

a|solated yields? Numbers in parentheses refer to yields based on recovered sulfoxdnfigee text.

Scheme 3. Synthesis of Homopropargylic Alcohols through
Elimination of Alkenyl Aminosulfoxonium Salts

OSiEt, OSiEt,
= = BFY
RZW Me3OBF, R2 B 4
R’ L R’ 530
PR “NMe Ph" ©*NMe,
6a-j 7a-j
o) 1. LiN(H)tBu,
S, THF, 78 °Cto 1t
Ph™ g NMez | 2 NaHCO;, H,0
OH _ H S|Et3
R2 BU,NF, THF, 1t
R1
1a-e,9,hj 9a-e,g,h,j
a:R'=/Pr,R%=Ph £ R' = iPr, R? = PhC=C
b: R" = jPr, R? = pBrCgH, g: R' = cCgHy4, R? = pBrCgH,
¢: R' = iPr, R? = pCICgH, h: R = cCgHy4, R? = PhCH=CH
d:R'=jPr, R = pMeOCgH,  i: R' = cCgHyq, R2 = PhC=C
e R'=/Pr, R?=PhCH=CH  j: R' = Me, R? = pBrCqH,

to the sulfonimidoyl group with formation of the corresponding
stable a-lithioalkenyl sulfoximines occurred (vide infrdj2
Therefore the sulfonimidoyl group ofa—j was converted
through methylation to the (dimethylamino)sulfoxonium grétp,
which ought to be a better leaving group than the sulfonimidoyl
group?3 Treatment of théN-methyl alkenyl sulfoximine$a—j
with Me3sOBF, afforded in practically quantitative yields the
aminosulfoxonium salt¥a—j, respectively (Scheme 3). We
were pleased to find that sal&—e, 7g, 7h, and 7j readily
afforded alkyne®9a—e, 9g, 9h, and9j, respectively, in high
yields upon treatment with 2 equiv of LiN(#Bu in THF at

However, when the elimination of thegbromophenyl substituted
salt 7b was carried out by using a large excess of LiNGt)
(10 equiv), a mixture of thp- andm-tert-butylamino derivatives
of alkyne 9a in a ratio of 3:1 was isolated in 80% vyield,
indicating not only an elimination but also an aromatic substitu-
tion through the aryne mechanism. Reaction of the Fél&d
7i, which carry a triple bond, with 2 equiv of LiN(kBu did
not give the corresponding homopropargyl alcohol derivatives.
Instead a reaction product of yet unassigned structure was
isolated in each case, which according to NMR and IR
spectroscopy did not contain any triple bond and no dimethyl-
amino group (vide infra). In the elimination of salta—e, 7g,
7h, and7j besides alkyneSa—e, 9g, 9h, and9j, respectively,
(9-N,N-dimethyl phenylsulfinamideg) of 96% ee was isolated
in 80—90% vyield as the second reaction product. SirRe (
N,N-dimethyl tolylsulfinamide has already been successfully
converted in two steps int&}-Smethyl-Stolylsulfoximine with
high stereoselectivity®® we are confident that sulfinamicg
can be converted t&f-S methyl-Sphenylsulfoximine and thus
the chiral auxiliary be recycled. Deprotection of the silyl ethers
9a—e, 9g, 9h, and9j gave finally the homopropargylic alcohols
la—e, 1g, 1h, and1j, respectively, in high yields (Table 1).
Nonterminal Homopropargylic Alcohols and Homoallen-
ylic Alcohols. The observation of a facile lithiation of alkenyl
sulfoximines6 at theo-position led to the notion of a synthesis
of nonterminal homopropargylic alcohols via introduction of a
substituent at the-position of6 and a subsequent elimination
by the sequence of reactions described above. Treatment of the
alkenyl sulfoximinessa and 6k4¢ with 1.2 equiv of MeLi at
—78 °C in ether gave the Zj-configured o-lithioalkenyl
sulfoximines10aand 10b, respectively, which upon warming
of the reaction mixture to—30 °C suffered a complete
isomerization to the H)-isomers1la and 11b, respectively
(Scheme 4). Protonation @flaand11b afforded quantitatively

—78°C to room temperature and a subsequent aqueous quenclthe E)-configured alkenyl sulfoximine&2aand12b, respec-

of the reaction mixtures. The complete conversion of sédts
e, 7g, 7h, and7j to alkynes9Qa—e, 9g, 9h, and9j, respectively,

tively. Treatment of lithioalkenyl sulfoximindla with Mel
furnished thex-methylated alkenyl sulfoximin&3in 98% yield.

required the use of 2 equiv of the base. For example treatmentMethylation of sulfoximinel3 with Me;OBF; at the N-atom

of salt7d with only 1 equiv of LiN(HXBu in THF at—78 °C

proceeded uneventfully and gave the aminosulfoxoniunidalt

and a subsequent aqueous workup led only to a 40% conversiorin 98% yield. Reaction of sali4a with bases at different

of the salt with formation of alkyn@d. A competing substitution
of the p-bromophenyl angb-chlorophenyl substituted sal#b
and 7c or alkynes9b and 9c, respectively, with formation of

temperatures took a differing but synthetically interesting course
(Scheme 5). Treatment of sdlfta with 3 equiv of LiNiPr, at
—78 to —50 °C in THF afforded the homoallenylic alcohol

the corresponding arynes was not observed when only 2 equivderivative15 in 89% vyield. Deprotection of the silyl ethdb

of LiN(H)tBu were used in THF at 78 °C to room temperature.

(23) (a) Johnson, C. R.; Haake, M.; Schroeck, C.JMAm. Chem. Sod97Q
92, 6594. (b) Johnson, C. R.; Lockard, J. P.; Kennedy, BEl.Rrg. Chem.
198Q 45, 264.

yielded the parent alcohdl6. Chiral nonracemic 1,2-disubsti-
tuted homoallenylic alcohols of typ&5, whose asymmetric
synthesis has to the best of our knowledge not been described
yet?* should be of considerable synthetic interest. When the
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Scheme 4. Synthesis of Lithioalkenyl Sulfoximines
OSiEts OSiEt;
~ = Li
R? N MeLi, ether R? =
ﬁ;jsz" -78°C AR‘/\s(\o
PH” “NMe Ph" “NMe
6a,k 10a,b
4| -78°C
to -30 °C
OSiEt; Q, ,NMe OsiEt; Q, , NMe
= 'S CFsCOOH 2.~ ~
2 XN PR X Ph
R /Y\/ Ph R1 f
R |
12a,b 11a,b
11a Mel, THF,
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(PSiEt3 Q ,NMez 9SiEt3 O ,/NMe
Ph X (S\Ph <M_e3% Ph A “Ph
Pr Me ge° CHoCl, 1t iPr Me
4
14a 13

a:R'=Pr, R? = Ph
bk: R' = Me, R? = iPr

Scheme 5. Synthesis of an Internal Homopropargylic Alcohol and
a Homoallenylic Alcohol from an Alkenyl Aminosulfoxonium Salt by
Choice of the Reaction Conditions

OsiEt; 0, NMe;

S
Ph " ® Ph
Pr Me BF.,@
14a
LDA, THF, LDA or LiN(H)tBu,

-78 °C to -50 °C THF,-78 °C to rt

OR OR __Me
= ot /
Ph/\‘/\. Ph
iPr ~ iPr
15 R = SiEt, 17: R = SiEty
16.R=H =  MBUNF, THF [ 18 R=H

elimination of saltl4awas carried out by using either 3 equiv
of LINiPr, or 10 equiv of LiIN(HYBu at—78 °C and warming

Scheme 6. Mechanistic Scheme for the Formation of
Homopropargylic Alcohols from Alkenyl Aminosulfoxonium Salts
via Alkylidenecarbenes

OSiEt,
Z Et;Si0 H O ,NMe;
2 z N
R /Yﬁ LnHBy o AR S,
o R /Sio 1 0
BF4 Ph'® NMe, R
7 19
[ - PhS(O)NMe;
OSEls R qonshit  EGSIO  H
R? R c,
R' R!
20
9:R=H _
o1 R=Li LiN(H)tBu

about the question as to the mechanism of this elimination.
Because of the strong acidifying effect of the phenyl(dimeth-
ylamino)sulfoxonium group (. [MeS(O)(NMe)PhBR] =
14.4)25 salts 7 could perhaps react in the first step with the
lithium amide with formation of the alkylidenecarbene amino-
sulfoxonium ylides19 (Scheme 6). In the second step, ylides
19 could suffer a heterolysis with elimination of sulfinami@e
and formation of alkylidenecarben26, which, in the last step,
could undergo a 1,2-H-shift with formation of alkyn@g=inally,
alkynes9 would be expected to consume the second equivalent
of the base to deliver acetylid@4, which would give alkynes

6 upon aqueous workup. To verify the putative deprotonation
of salts7 with formation of the novel ylided49 a number of
experiments were conducted with salts and 7b. Treatment

of salt 7a with HNiPr, at 0 °C in THF led to its quantitative
isomerization to theH)-configured sal22, which was inde-
pendently prepared by methylation of the alkenyl sulfoximine
12a with Me3OBF, in quantitative yield (Scheme 7). This
observation may be rationalized by the formation of ylida

as an intermediate on the way from tf®-{somer to the more
stable E)-isomer. However, an isomerization pathway, which
involves the addition of the amine to the activated double
bond3b of 7a with formation of the corresponding ylide and a
subsequent elimination of the amine delivering g&ltcannot

be excluded. Therefore a more definite confirmation for the
notion of a formation of ylide49 upon reaction of saltg with
strong bases was sought. Treatment of sédtand7b with 1
equiv ofnBuLi at —100°C in THF followed by the addition of
Mel resulted in the formation of the methyl substituted salts
1l4aand14b, respectively, which were isolated in 94 and 46%

the reaction mixture to room temperature, the nonterminal alkyne y|e|d' respective]y_ Salt4awas independen“y Synthesized by

17 was isolated in 36 and 72% yield, respectively, instead.

Deprotection of silyl ethet 7 finally gave the homopropargylic
alcohol 18.

Alkylidenecarbene Aminosulfoxonium Ylides and Forma-
tion of a Chiral 2,3-Dihydrofuran Derivative. The facile
conversion of the alkenyl aminosulfoxonium saha—e, 7g,
7h, and7j to the alkyneQa—e, 9g, 9h, and9j, respectively,
which requires the use of 2 equiv of the lithium amide, brings

(24) (a) Henderson, M. A.; Heathcock, C. H.Org. Chem1988 53, 4736. (b)
Kimura, M.; Tanaka, S.; Tamaru, Bull. Chem. Soc. Jpri995 68, 1689.
(c) Okamoto, S.; Sato, H.; Sato, Fetrahedron Lett1996 37, 8865. (d)
Hamada, T.; Mizojiri, R.; Urabe, H.; Sato, B. Am. Chem. So200Q
122 7138.
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methylation of sulfoximinél3. These results unequivocally show
that salts7a and 7b are able to yield with strong bases the
alkylidenecarbene aminosulfoxonium ylideé®9a and 19b,
respectively.

To obtain further insight into the mechanism of the elimina-
tion of salts 7, we studied the reaction of thg-methyl
substituted alkenyl aminosulfoxonium sa# with LiN(H)tBu
(Scheme 8). In this case the heterolysis of the alkylidenecarbene
ylide 25 derived from salt24 should deliver the methyl
substituted g-siloxyalkylidene)carben26. Previous studies of

(25) Bordwell, F. G.; Branca, J. C.; Johnson, C. R.; Vanier, Nl.Rdrg. Chem
198Q 45, 3884.
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Scheme 7 . Synthesis of Alkylidenecarbene Aminosulfoxonium
Ylides
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Scheme 8 . Elimination of an Alkenyl Aminosulfoxonium Salt with
Formation of a 2,3-Dihydrofuran Derivative
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chiral racemic §-siloxyalkylidene)carbenes, which were gener-
ated either fron-siloxy ketones and M&iC(Li)N,,262through
thermolysis of -siloxy-a,3-expoxN-aziridinylimines?® or

(26) (a) Miwa, K.; Aoyama, T.; Shiori, TSynlett1994 461. (b) Kim, S.; Cho,
C. M. Tetrahedron Lett1995 36, 4845. (c) Feldman, K. S.; Wrobleski,
M. L. J. Org. Chem200Q 65, 8659. (d) Feldman, K. S.; Wrobleski, M. L.
Org. Lett.200Q 2, 2603.

through sulfinate addition tg¢siloxybutynyl)iodonium salt3scd

had revealed an interesting and differing behavior of this type
of alkylidenecarbenes depending on the substituents of the
double bond. While £-siloxyalkylidene)carbenes bearing a
H-atom at the3-position of the double bond underwent a 1,2-
H-shift with formation of alkynes, those carrying an alkyl group
at thef-position of the double bond suffered an intramolecular
1,5-O,Si bond insertion with formation of a 2,3-dihydrofuran
derivatives. Methylation of sulfoximin23, which was prepared
with high regio- and diastereoselectivity from isobutyraldehyde
and the corresponding chiral nonracemic bis(allyl)titanium
complext*<27with MesOBF,4 proceeded quantitatively and gave
salt24. Treatment of sal24 with 2 equiv of LIN(H)XBu at—100

°C in THF led to its rapid consumption with formation of the
sulfinamide8. Remarkably, the enantio- and diastereomerically
pure 2,3-dihydrofuran derivativ@8 was isolated in 90% yield
as the second elimination product and not the alkyineOn

the basis of these results, formation of alky®efsom salts7

and of 2,3-dihydrofuran derivativ€8 from salt 24 upon
treatment with LiIN(H)Bu seems to proceed as follows. The
deprotonation of salts’ and 24 gives ylides 19 and 25,
respectively, which both suffer a heterolysis to deliver e (
siloxyalkylidene)carbene20 and 26, respectively. While al-
kylidenecarbene&0 preferentially undergo a 1,2-H-shift with
formation of alkynes6, alkylidenecarben&6 preferentially
undergoes a 1,5-O,Si bond insertion either concerted or via the
oxonium ylide 27, which suffers a [1,2]-silyl migration, to
deliver 2,3-dihydrofuran derivativ@8. Thus, alkylidenecarbene
aminosulfoxonium ylided9 seem to behave in this respect in
a manner similar to that of diazoalkerf@salkylidenecarbene
iodonium ylides®® and alkylidenecarbene oxonium ylid&s,
which readily yield alkynes through a 1,2-shift following
heterolysis to alkylidenecarben&s?2 Formation of 2,3-dihy-
drofuran derivative28 is also synthetically interesting since
asymmetric synthesis of 2,3-dihydrofurans has found much
attention recently® and enantio- and diastereomerically pure
2,3-dihydrofurans of typ28 are not readily accessible Y&t

Conclusion

In this paper, we described a new method for the asymmetric
synthesis of anti-configured 1,2-disubstituted homopropargylic
alcoholsl, bearing the various groups Rnd R, based on the
highly regio- and diastereoselective addition of chiral nonra-
cemic sulfonimidoyl substituted bis(allyl)titanium complexdes
to aldehydes and a novel elimination of alkylidenecarbene
(dimethylamino)sulfoxonium ylides derived from homoallylic

(27) (a) Gais, H.-J.; Roder, D. Unpublished results. (b) Roder, D. Master Thesis,
RWTH Aachen, 2000.

(28) (a) Menez, P. L.; Fargeas, V.; Berque, |.; Poisson, J.; Ardisson, J.;
Lallemand, J.-Y.; Pancrazi, A. Org. Chem1995 60, 3592. (b) Batsanov,
A. S.; Byerley, A. L. J.; Howard, J. A. K.; Steel, P. Gynlett1996§ 4,
401. (c) Davies, H. M. L.; Ahmed, G.; Calvo, R. L.; Churchill, M. R,;
Chruchill, D. G.J. Org. Chem1998 63, 2641. (d) Ishitani, H.; Achiwa,
K. Heterocyclesl 997 46, 153. (e) Evans, D. E.; Sweeney, Z. K.; Rovis,
T.; Tedrow, J. SJ. Am. Chem. So@00], 123 12095.

(29) (a) Colvin, E. W.; Hamill, BJ. Chem. So¢Perkin Trans. 11977 869.
(b) Gilbert, J. C.; Weerasooriya, U. Org. Chem.1982 47, 1837. (c)
Ohira, S.; Okai, K.; Moritani, TJ. Chem. So¢c.Chem. Commun1992
721.

(30) (a) Stang, P. J.; Wingert, H.; Arif, A. Ml. Am. Chem. S0d.987, 109,
7235. (b) Ochiai, M.; Takaoka, Y.; Nagao, ¥. Am. Chem. Sod.988
110, 6565. (c) Stang, P. Angew. Chem1992 104, 281; Angew. Chem.
Int. Ed. Engl.1992 31, 274.

(31) Sueda, T.; Nagaoka, T.; Satoru, G.; Ochiai, MAm. Chem. S0d.996
118 10141.

(32) Stang, P. lChem. Re. 1978 78, 383.
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alcohols carrying a (dimethylamino)sulfoxonium group. This triple bond at the/,0-position. The key alkylidenecarbene ylides
method should be particularly well-suited for the synthesis of 19 can be synthesized from the saltsupon treatment with
enantio- and diastereomerically pure homopropargylic alcohols nBuLi at low temperatures and methylated at thgosition.

1 carrying sterically demanding and unsaturated substituentsThe elimination of the thus obtained-methylated alkenyl
since enantio- and diastereomerically pure functionaleneti aminosulfoxonium salts, which can also be prepared through
homoallylic alcohols of typ@ can be obtained in a large variety methylation of the correspondinglithioalkenyl sulfoximines,
with high selectivities through addition of titanium complexes could perhaps also provide for an asymmetric synthesis of
3 to aliphatic, aromatic, and unsaturated aldehydes. Although homopropargylic alcohols with an internal triple bond and of
synthesis of homopropargylic alcohols bearing two alkyl hitherto little explored homoallenylic alcohols. Formation of 2,3-
groups has not yet been demonstrated, we have no doubt thatlihydrofuran derivativ8 suggests perhaps a new asymmetric
they can be made accessible by this method since the synthesisynthesis of synthetically interesting highly substituted 2,3-

of the corresponding homoallylic alcohdts(R?, R? = alkyl) dihydrofuran derivatives.
has already been describ¥d. . _ _
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