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ABSTRACT
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A facile and efficient four-component  anti-selective direct aldol addition of thioester enolates has been developed that is fully compatible with
enolizable aldehydes and able to be conducted using untreated reagent-grade CH .Cl, open to the air. The thioester enolates are generated in
situ via an acylation/conjugate addition sequence using commercially available PhSLi and acryloyl chloride, thus avoiding prior enolate formatio n
while maintaining complete chemoselectivity. The organosulfur products are convertible into various polyketide-based structures.

The importance of the aldol addition reaction cannot be aldol addition of thioesters that is fully compatible with
overstated. Extensive research has resulted in remarkableenolizable aldehydes. Significantly, the transformation can

advances in stereo-, regio-, and chemoselectiitjuch of be conducted open to the air using commercially available,
the control that is possible stems from the use of carboxylate- untreated solvent.
derived, preformed enolatésilthough effective, the step- Due to their strong nucleophilicity, thiols can be selectively

wise procedures used to generate such enolates are timeacy|ated in the presence of other common nuc|eop?rﬁ5d
consuming, particularly if enolate trapping is involved, and readily undergo conjugate additiéiThus, we reasoned that
require that all manipulations be conducted under anhydrouscombining two equivalents of a thiolate, along with one
conditions and, when strong bases are used, at low temperequivalent each of an,f-unsaturated acid chloride and an
atures. The desire to develop milder and operationally aidehyde, would initiate a four-component cascade sequence
simplified methods for carbencarbon bond formation has  |eading to a single aldol addition product (Scheme 1). The
spawned a renewed interest in tieectaldol reactior. To  first thiolate equivalent and the acid chloride would combine
be of general use, such a direct reaction must possess control
elements to ensure chemoselective enolate formation. The (2) See for example: (a) Evans, D. A Tedrow, J. S.. Shaw, J. T.;
chemoselectivity issue arises when the aldehyde acceptor hasowney, C. W.J. Am. Chem. S0€002,124, 392—393. (b) Evans, D. A.;

_ i i i Downey, C. W.; Shaw, J. T.; Tedrow, J. Org. Lett 2002 4, 1127~
one or .morea protons, as it too can enolize, I.eadmg 1130. (c) Evans, D. A.; Downey, C. W.; Hubbs, J.1.Am. Chem. Soc.
predominantly to self-addition products. Overcoming this 3003 125, 8706-8707. (d) Lalic, G.: Aloise, A. D.: Shair, M. D. Am.

selectivity challenge is, thus, the critical first step in ’\C/IherFﬂ- t80020K03’é122|, -2852,4_25535' rgté_) Ml\;alng\Z]Ia,l‘f\’ D-;C hahc, g@ %%%, H.
. . . - .; Fortner, K. C.; Aloise, A. D.; Shair, M. DJ. Am. Chem. So ,

deve!oplng a ge_nerally_ appllc_able direct aldol adqltlon' 127, 7284—7285. (f) Nishiyama, H.; Shiomi, T.; Tsuchiya, Y.; Matsuda, |.

Herein, we describe amti-selective, four-component direct  J. Am. Chem. So@005,127, 6972—6973. (g) Saito, S.; Kobayashi,JS.

Am. Chem. So2006,128, 8704—8705. (h) Yost, J. M.; Zhou, G.; Coltart,

D. M. Org. Lett.2006,8, 1503—1506. (i) Zhou, G.; Yost, J. M.; Coltart,
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Scheme 1. Four-Component Direct Aldol Addition Reaction Table 1. Direct Aldol Addition Reaction with Various

acyl conjugate Aldehydes
0 transfer 0 addition 1o )
PhSLi, OH O
Ny RSM x RSM MgBr,-OEt,,
\)J\C' - \)J\SR E— H\m + RCHO — 2= R)\_/[J\SPh
1 2 | CH,Cl, (untreated), :
aldol open to air, 30 min Phs”
OH O addition oM* addition product
R SR R'CHO; g\sﬂ entry aldehyde (anti-shown) yield (%) anti-syn
H0* 3 1 CHO 11R=Ph 88 1311
Rs” 4 RS” 3 ©/ 5
2 _~_CHO 12R=(CHy)CHs 71 11
to generate any,S-unsaturated thioested (— 2), which 6
would be followed by 1,4-addition of the second thiolate 3 A~~~ CHO 13R=(CHp)eCH; 68 16:1
equivalent to give a thioester enolaB énd, ultimately, aldol 7

addition (3— 4). This chemoselective mode of enolate CHO 14R=(CHpPh 71 14:1
formation would preclude aldehyde enolization and, conse- (j/V

quently, self-addition. Thus, the need for prior enolate s CHO 15 R=CgHyy 81 >20:1
formation would be eliminated, while maintaining the level O/

of chemoselectivity associated with such techniques. More-
over, since the cascade sequence is initiated by thiolate
addition, background reactions involving trace amounts of
moisture in the atmosphere or solvent should not be a factor,
and low temperatures would not be required, further sim-
plitying the process. Addl_tlonally, the organosulfur aldol ate, which would then undergo aldol addition, followed by
proQucts coulq participate in numerous subsequent transfor-CI —- S acyl transfer to give. This was done by conducting
maTt|ons, I(ra]ac]icmg _tg)ll_an ?rLay of useftélfstructures. dol the reaction with only 1.5 equiv of PhSLi (equimolari}
adltion reaction, PhSNa (2 aquiv) was added to & mixture 21079 WihS (1 equiv) and MgBrrOE® (1.2 equi), which
of acryloyl chloride ) (1 equiv) and benzaldehyds)((1 ?ilve acrylate thioestdr7 in 93% conversion, with<4% of
equiv) in CHCl,.> However, no aldol adduct was obtained, '

and instead, protonat&{R = Ph) was isolated in 92% yield. with S'_”_"p'e z_;md eff|(_:|ent gondltlons estalt_Jhshed for the
. ; it aldol addition with5, we investigated the reaction scope with
Varying the solvent and counterion (Li K*) gave no

improvement. We next tried PhSLi in the presence of MgBr other aldehydes, both with and W|thm}tprot0n§ (Table 1).
OEb,2" which gave the aldol addition product) in 67% In _aI_I cases,_the four-component transformation proceeded
yield within only 30 min. Remarkably, the reaction was efﬁc_@ntly with short react|c_>n times. No _aIdghyde self-
highly selective for theanti diastereomer, which is uncom- ad(j|t!9n products were ot_>ta|ned,. thus confirming the com-
mon in aldol addition3;® with an anti—synratio of 13:1. patibility of the .mef[hod with enql|zable aldehydes. Addlng
Prolonged reaction time did not improve the yield or affect further to thg significance of this result was that, in each
the diastereomeric ratio. However, the efficiency was case, thaant pr(_)duct was strongly faévored over the more
improved using 3 equiv of PhSLi, 1.5 equiv bf 1.2 equiv commonly ()_bta|ng($ynd|astereqrr_1e¥v. _ -

of MgBr,*OE%, and 1 equiv 0B, which gave 88% yield of We next investigated the origin of thenti-selectivity.

11, with the sameanti—synratio (Table 1, Entry 1). As Assuming standard modélshis could originate from either
hypothesized, control experiments showed no difference kinetic addition of thee-(O)-enolate to the aldehyde or from

between anhydrofisnd nonanhydrodgonditions. We also 1€ drelanvg therrTodynamlc stability r?f tmﬁ' and sykr_1 _
ruled out an alternative reaction pathway initiated by thiolate products. Several attempts to trap the enolate or kinetic

1,4-addition to to give an acid chloride enolate intermedi- addition intermediate under a variety of conditions were
unsuccessful. However, we did establish that the reaction is
(4) See for example: Kamimura, A.; Omata, Y.; Mitsudera, H.; Kakehi, reversible, suggesting that the diastereoselectivity is thermo-

A. J. Chem. Soc., Perkin Trans. 2000, 4499-4504. Kamimura, A.;  dynamically controlled. To do this, PhSLi was added to a

Mitsudera, H.; Asano, S.; Kakehi, A.; Noguchi, hem. Commurl998, ; . ;
1095—1096. Kamimura, A Mitsudera, H.; Asano, S.. Kidera, S. Kakehi, Mixture of MgBrOE, 1, and5, and after the reaction was

A. J. Org. Chem1999,64, 6353-6360. Ono, M.; Nishimura, K.; Nagaoka, ~complete (30 min), 4-methylbenzaldehyde was added and
Y.; Tomioka, K. Tetrahedron Lett1999,40, 1509—1512. Armitage, M. the reaction was continued for 30 min. This gave an

A.; Lathbury, D. C.; Mitchell, M. B.J. Chem. Soc., Perkin Trans.1D94, . R ..
1551—1552. Shono, T.: Matsumura, Y.: Kashimura, S.; Hatanakd, K. approximately 1:1 mixture of addition produdt$ and4 (R

6 CHO 16R=CH(CHy), 76 >20:1

Am. Chem. S0d 979,101, 4752—4753. o = Ph, R = 4-MeGHy,), with a 13:1anti—synratio in each
(5) Initial experiments were done using anhydrous conditions.
(6) Pirrung, M. C.; Heathcock, C. H. Org. Chem1980,45, 1727— case.

1728. Corey, E. J.; Kim, S. §. Am. Chem. S0d 990,112, 4976—4977. The inherent thermodynamic preference forand or syn

AbI(I;?YD/?iféckzcclz?irpé?n?ci%%tr? ST addition product with different acrylate derivatives was
(8) Untreated Aldrich ACS-grade GBl,; open to air. examined (Table 2). With the exception28, all thioesters
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preferentially over33 and, consequently, thenti product
(32). In the absence of tj both theE-(O)-enolate 80 minus
Li*) andZ-(O)-enolate (35) exist, allowingynproduct34

Table 2. Effect of Acrylate Structure on Diastereoselectivity

MQETZSCL)'BZ 1 to form via 37, in addition to32. However, when PhSLi is
HLR * O) CH,Cl, (untreated), O)\g)LR added to the latter system prior to work ggnintermediate
open to air, 30 min “SPh 37 is converted to Li-complexedE-(O)-enolate30 via a
- - thermodynamically driven conformational ring inversion of
entry a’ﬁ'j;f]::z;f‘ted 2:;’;:}‘33:3 y(‘;)‘* “:yt;_ 36 to 38. Addition from 30 then givesanti product 32,
analogously to the first reaction containing only PhSLI.
1 17R=SPh 15 R = SPh 79  >20:1 P~ . -
5 18R =SCeHy-2.6Me 24R=SCeHy-2.6Me 60  11:1 As an initial dgmonstratlon of the utility of_the organo-
3 19R = SEt 25 R = SEt 82 41 sulfur products in subsequent transformatiodg, was
4 20R=StBu 26 R = St-Bu 7 151 silylated to 39 and treated under Fukuyama reductfon
5 21 R=O0Ph 27 R = OPh 72 2:1 conditions to give aldehyddO in high yield (Scheme 3).
6 22R=0tBu 28 R = Ot-Bu 78 11
7 23R=NHPh 29 R = NHPh 64 2:1
Scheme 3. Representative Transformations bf
showed a significant preference for thati product. The TESOT, EtSiH,
oxoesters and the amide showed modest or ambi- 9 2%};‘;‘8:;‘3 TESO 9 1%‘;&?,5
selectivity. SPh 9% SP 0%
Earlier in our study (see above), we had established that 3“14 SPh " 29 SPh
the addition reaction proceeded only when®¥gas added, Raney Ni,
implying that the thiolate Lfi may have only a passive role OH OH acetone- TESO OH TESO O
in the transformation. To test this, we attempted the aldol EIOH (9:1)
addition with1, 9, and MgBp-OEt, but using PhSMgBr in B 94% 83% Bn Bn a0 SPh

place of PhSLi. This gave aldol addition prodd& with a
2:1 preference for theynproduct, suggesting that Liwas
actually a key component in achievirti-selectivity. To )
confirn¥the in}:portagce of PhSLi in thri?regard, theyreaction AS We"_’ diols 41 and 42 were prepared 'fronl4 and 39,
using PhSMgBr was repeated but, after 30 min, PhSLi was "eSPectively, by treatment with Raney nickel.

added and the reaction was continued for 30 min. The ratio In conclusion, we have developed a facile and efficient
of the aldol addition productkS obtained from this procedure — anti-selective four-component direct aldol addition of thioester
was restored te-20:1 in favor of theanti product. Taken enolates that is fully compatible with enolizable aldehydes
collectively, these results show that the stereochemical and able to be conducted open to the air using untreated,
outcome of the reaction is strongly tied to the nature of the reagent-grade solvent. Our method avoids the need for prior
thiolate counterion. A rationale (Scheme 2) for this outcome enolate formation while maintaining complete chemoselec-
tivity. Mechanistic investigations of this highly practical and
stereochemically intriguing reaction are underway, as is the

Scheme 2. Stereochemical Model of the Aldol Addition development of related asymmetric versions.
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that is consistent with a reversible process is that, in the
presence of Lfi, coordination with sulfutleads to the-(O)- (9) Olmstead, M. M.; Power, P. B. Am. Chem. S04990,112, 8008—
enolate (30), which the.n. reacts via the_ 'OV}’er'e”ergy Zim- (1(5) Tokuyama, H.; Yokoshima, S.; Shao-Cheng, L.; Li, L.; Fukuyama,
merman—Traxler transition state to give intermedidte T. Synthesi002, 1121-1123.
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