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The aldol-type reaction is a classic organic reaction and one
of the most versatile synthetic tools for carbararbon bond
formation; it is, therefore, widely used in organic synthéditany
types of highly stereo- and enantioselective aldol-type reactions
have been developed. However, most of them involve reaction
between the carbonyl compounds and the enolates derived from

a ketone, ester, or amide. Only a few reports have been published

on the cross-aldol reaction between an aldehyde enolate
(RCH=CHO", 1) and another aldehyd&,(R? = H), to provide
a 3-hydroxyaldehyd8,? although the term “aldol” (i.e., aldehyde
alcohol) originally meant hydroxyaldehyde. Moreover, very little
is known about the aldol reaction of an aldehyde enolate with a
ketone (R, R? = H). Formation of a hydroxyaldehyde from an
aldehyde enolaté with a ketone is a thermodynamically very
unfavorable process in comparison with the reaction of a ketone
enolate with an aldehyddn the former case, a proton abstraction
from the ketone by the aldehyde enolate to provide the ketone
enolate could be a troublesome problem. Additionally, the
aldehyde moiety of the produ& seemed to be more reactive
than the starting ketorfg and it should provide a complex mixture
derived from further addition of an enolateto aldol adduct3
(Scheme 1). The choice of metal for the aldehyde enolate and its
ligands could be essential for the successful cross-aldol reaction
of aldehyde enolate. Herein, we disclose the cross-aldol reaction
of aldehyde enolate with an aldehyde or ketone using an
organotitanium reagent.

We examined the effect of titanium alkoxide on lithium enolate
5, which was derived from silyl enolat&)-4 (Z/E = >99/<1).5
Treatment of4 with methyllithium in THF provided5, which
was further converted into titanium ate-comp&fScheme 2§.8
Addition of 2-methylpropanal afforded the expected aldol adduct
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mGaHy CHali _ Ti(O-nBu), RCHO CHO
X0SiMe; ~ THF 0°C, 30 min
24 0 °C, 30 min n-CgHy7
7a:R= i-Pr 73% (syn/anti = 20/80)
7b:R= Et 89% (syn/anti = 28/72)
7c:R= tBu 70% (syn/anti= 10/90)
7d:R= Ph 67% (syn/anti = 54/46)
7e:R= CHy” >~ 40% (syn/anti= 61/39)
OH
iMe, CHali  Ti(O-n-Bu); RCHO CHO
n_can/\/os.MeG 3 ( )ja A
THF  0°C, 30 min
(E)-4 n-CgHiz
7a:R= iPr 76% (syn/anti = 47/53)
7¢c:R= tBu 64% (syn/anti = 28/72)

7ain 73% yield without any byproducts after aqueous workup.
Without titanium alkoxide, the reaction & with 2-methylpro-
panal afforded a complex mixture containing a trace amount of
7a Therefore, addition of Ti(Q+Bu), dramatically improved the
yield of the adduct. The use OE)-4 (Z/E = <1/>99) provided

7a in almost the same yield, while the stereoselectivity was
lowered. The use of Ti(0-Pr), was less effective than Ti(@-
Bu),, and the yield of7fa was somewhat decreased (62%d)he
results of this cross-aldol reaction using titanium alkoxide are
summarized in Scheme 3.

Next, we focused on the aldol reaction of various aldehyde
enolates with ketones. The representative results of the reaction
with titanate enolate§, 8, and9 are summarized in Table¢ 1t
A unique steric effect was observed in the reaction of endlate
with ketones? Ethyl methyl ketone and cycloheptanone did not
give any adducts, and decanal was recovered in both cases (entries
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Williams, S. F.; Masamune, S. i@omprehensie Organic SynthesisTrost,

B. M., Fleming, |., Heathcock, C. H., Eds.; Pergamon Press: New York, 1991,
Vol. 2, p 239. (d) Rathke, M. W.; Weipert, P. l@omprehensie Organic
SynthesisTrost, B. M., Fleming, |., Heathcock, C. H., Eds.; Pergamon Press:
New York, 1991; Vol. 2, p 277. (e) Paterson, |. Gomprehensie Organic
SynthesisTrost, B. M., Fleming, I., Heathcock, C. H., Eds.; Pergamon Press:
New York, 1991; Vol. 2; p 301. (f) Giger, H.; Vogel, E. M.; Shibasaki, M.
Chem. Eur. J1998 4, 1137-1141. (g) Mahrwald, RChem. Re. 1999 99,
1095.

(2) (@) Heathcock, C. H. Il€omprehensgie Organic Synthesisirost, B.

M., Fleming, I., Heathcock, C. H., Eds.; Pergamon Press: New York, 1991;
Vol. 2, p 133. (b)Heathcock, C. HAldrichmica Actal199Q 23, 99. (c)
Heathcock, C. H. IlModern Synthetic MethogdSheffold, R., Ed.; Springer-
Verlag: Berlin, 1992; p 1. (d) Mahrwald, R.; Costisella, B.; @dogan, B.
Tetrahedron Lett1997 38, 4543. (e) Maeda, K.; Shinokubo, H.; Oshima, K.
J. Org. Chem1998 63, 4558.

(3) Ab initio calculation (RHF/6-31G) showed that the formation of
3-hydroxyaldehyde ((Ck.C(OH)CHCHO) from acetone and acetaldehyde
is far more unfavorable than that of 3-hydroxyketone ¢CH(OH)CH,-
COCH;). The formation energy of the latter i310.455 kcal/mol, whereas
that of the former is 21.155 kcal/mol.

(4) (a) Ferreri, C.; Palumbo, G.; Caputo, R. @omprehensie Organic
SynthesisTrost, B. M., Fleming, I., Schreiber, S. L., Eds.; Pergamon Press:
Oxford, 1991; Vol. 1, p 139. (b) Reetz, M. Drganotitanium Reagents in
Organic SynthesjsSpringer-Verlag: Berlin, 1986.

(5) For preparation of lithium enolate of aldehyde, see: Heathcock, C. H.;
Buse, C. T.; Kleschick, W. A.; Pirrung, M. C.; Sohn, J. E.; Lampd, Drg.
Chem.198Q 45, 1066.

10.1021/ja9921975 CCC: $18.00

(6) Some reactions involving titanium ate-complex reagents have been
reported: (a) Reetz, M. T.; Peter, Tetrahedron Lett1981 22, 4691. (b)
Reetz, M. T.; Wenderoth, Bletrahedron Lett1982 23, 5259. (c) Reetz, M.

T.; Westermann, J.; Steinbach, R.; Wenderoth, B.; Peter, R.; Ostarek, R.; Maus,
S.Chem. Ber1985 118 1421. (d) Reetz, M. T.; Steinbach, R.; Westermann,
J.; Peter, R.; Wenderoth, Bhem. Ber1985 118 1441.

(7) For aldol-type reactions involving titanium enolate, see: (a) Nakamura,
E.; Shimada, J.; Horiguchi, Y.; Kuwajima, Tetrahedron Lett1983 24,3341.

(b) Nakamura, E.; Kuwajima, Tetrahedron Lett1983 24,3343. (c) Harrison,
C. R. Tetrahedron Lett1987 28, 4134. (d) Siegel, C.; Thornton, E. R.
Am. Chem. S0d 989 111, 5722. Brocchini, S. J.; Eberle, M.; Lawton, R. G.
J. Am. Chem. S0d 988 110, 5211. (e) Morris, J.; Wishka, D. G.; Luke, G.
P.; Judge, T. M.; Gammill, R. Bletrahedron1997 5311211. (f) Crimmins,
M. T.; King, B. W.; Tabet, E. A.J. Am. Chem. Sod 997 119, 7883. (9)
Toshida, Y.; Hayashi, R.; Sumihara, H.; Tanabe T¥étrahedron Lett1997,

38, 8727. (h) Baker, R. K.; Rupprecht, K. M.; Armistead, D. M.; Boger, J.;
Frankshun, R. A.; Hodges, P. J.; Hoogsteen, K.; Pisano, J. M.; Witzel, B. E.
Tetrahedron Lett1998 39, 229. (i) Mahrwald, R.; Gndogan, BJ. Am. Chem.
Soc 1998 120, 413.

(8) Trapping experiment of titanium enolaéeprepared from Z)-4 with
MesSiCl afforded the starting silyl enolateZ)¢4 (Z/E = >99/<1) in
guantitative yield. From this result, no isomerization of enold&esnd 6
occurred during the transmetalation step.

(9) The use of CITi(Gn-Bu); in place of Ti(Gn-Bu), was not effective,
and7awas obtained in reduced yield (47%ynanti = 70/30) upon treatment
with 2-methylpropanal.

(10) The reaction of titanate enolate prepared from 2-ethyl-1-trimethyl-
siloxy-1-butene with ketones provided no aldol adduct.

(11) In the absence of Ti(@-Bu),, no trace ofl0 could be observed in
the reaction mixture, and complex products were formed.

(12) Reetz, M. TTop. Curr. Chem1982 106, 1. See also ref 7c.

© 1999 American Chemical Society

Published on Web 09/24/1999



9466 J. Am. Chem. Soc., Vol. 121, No. 40, 1999 Communications to the Editor

Table 1. Cross-Aldol Reaction of Aldehyde Enolates with Ketones Scheme 5

1 fL R OH (OBu),
R o R?” R ) )Q’/CHO 0 ot
& OTi(0-n-Bu)y “rocin R T 1o Ao a M e o o o -
\rOTi(OBu),, _— NR
ketone . . - R R 13
enolate yield isomeric cl
entry R R2 Re (%)  ratio SRR R Gy e -
1 n-CgHi7 ((Z)-6) CHs CHs 53 l 87488
2 nCgHi7((0)-6) Et CHs nré (0Bu)s (OCH2Pr)3
3 n-CgHi7 ((2)-6) —(CHy)s— 56 SAIN Oe,'ri o
4 nGHi ((2)-6) ~(CHo)e— nre ¢ \?‘\0 &O OBuU ¢ OCH,Pr
5 n-CgH17 ((Z)'G) _(CH2)4_ 35 Ph SBOSBM k 14
6 n-CgHiz ((2)-6) —(CHyp)s— 91 o Et % ClnCeHyy ) %87
7 n-CeHi7((2-6) HC=C— CH, 85 59/4% 16 o| s807
8 n-CgHi7((2)-6) PhG=C— CHs 86 52/48 Hs0 l
9 nCgHi7((2-6) n-BuC=C— CH;, 81 55/4% ¢ OH O
10 n-CgHi7((2)-6) MesSIC=C— n-CHis 74 51/49 "
11  n-CgHi7((2)-6) CH.CI CH.Cl 91 & nlan,
12 n-CgHi7((2)-6) CCh CHs 72 >99/r
13 n-CgHi7((B)-6) CCl CHs 75 >99/r initial adduct13 might be unstable since the titanate species should
14 H@ CHs CHs 34 have little ability to form a chelated intermediate. Therefore, the
ig : % CH Cl_(CHZ)g_CH al gg adduct13 might collapse easily to enolate and ketone by retro-
" 5 . : )=
17 HE) HC=C— CH, 50 aldol reaction, and the formation of the adduct at equilibrium

18 CH=CH— (9 CHClI CH.Cl 67 would bg ur!favorable. However, mig_ratory addition of butc_)xide
on the titanium to the aldehyde moiety I8 to form a cyclic
2 No reaction. Decanal was quantitatively recovered after aqueous titanate,14, would shift the equilibrium to the product. Addition-
workup.? The stereochemistry of the adduct is not determirigkhti/ ally, the aldehyde moiety could be temporarily protected from a
syn ¢ZJE = 87/13. further attack of enolat¥:1>The formation ofl4 was ascertained
by 3C NMR examination. No signal assigned to the carbonyl

Scheme 4 carbon of13 could be detected. It was anticipated that migration
Bu 9 of butoxy group tol6 would not take place in the reaction of
A n-CeHig ketone enolate (Rc H) because of its steric hindrance. In fact,
nCaHi7 o 0 11 G \ on the reaction of the titanate-type ketone enolbbeprovided no
S otio-nau, nBu cHo aldol adduct, and phenyl propyl ketone was quantitatively
6 o) 172 n-CgHyy recovered. The use of titanium enolateGgH;,CH=CHOTi-
71% (OBu)) derived from5 and CITi(OBu} instead of6 afforded

the aldol adduct in decreased yield (52%), along with some
2 and 4), although the steric bulkiness of ethyl methyl ketone or unidentified byproducts. Therefore, it seems to be important for
cycloheptanone seems to be not so large as that of acetone ok smooth migration of butoxide to carbonyl to use titanate species.
cyclohexanone. The use of alkynones provided the correspondingThis is the first example of the reaction between a ketone and an

hydroxyaldehydes in good yields. Cyclobutanoneoemaloge-  aldehyde enolate to our best knowledge. Further efforts to improve
nated ketones were also very reactive, affording the adducts inthe stereoselectivity and to extend the scope of this reaction are
good yields. In the case of 1,1,1-trichloroacetone ahtisomer currently underway.

was exclusively obtained regardless of geometry of endate
(entries 12 and 13§ The abstraction of an acetylenic proton of Acknowledgment. Financial support by a Grant-in Aid from the
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dienolated prepared from 1-trimethylsiloxy-1,3-butadiene reacted calculations.

. . . o compound characterization data (PDF). This material is available free of
(entry 18). It is worth noting that a chemoselective addition of charge via the Internet at http:/pubs.acs.org.
the enolateb to the acetylenic ketone moiety was achieved in
the reaction with diketona1 (Scheme 4). JA9921975

We are tempted to assume the following reaction mechanism ™14y imwinkelried, R.; Seebach, Dingew. Chem., Int. Ed. EngL985

for this cross-aldol reaction of aldehyde enolate (Scheme 5). The 24, 765.

(15) For temporary protection by aminotitanium complexes, see; Reetz,
(13) This stereochemical outcome might indicate that this reaction proceeds M. T.; Peter, RJ. Chem. Soc., Chem. Comma#883 406. See also refs 7b

under thermodynamic control. and 7c.




