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Subtle Variations in the Long-Range
Transmission of Stereochemical Information:
Matched and Mismatched Aldol Reactions™**

Zhicai Wu, Fei Zhang, and Samuel J. Danishefsky*

In this paper we describe findings with respect to an
important question in stereospecific synthesis, that is, how
might remote stereogenic loci influence the diastereofacial
sense in which covalent bond formation occurs. To address
this type of issue in concrete rather than abstract terms, we
focused on the very promising antitumor agents, the epothi-
lones (such as epothilone B (1), shown in Scheme 1). These
compounds have stimulated a great deal of research from the
point of view of total synthesis.'®! In this paper we do not
directly address the total synthesis problem per se. Rather, we
focus on the construction of the C6—C7 bond in the acyl sector
en route to the natural products, as a paradigm for accom-
plishing high orders of selection by long-range induction.

By way of background we note that, originally,l' !l the
stereochemical information for building the “acyl” sector of
the epothilones (see 2 in Scheme 1) was stored in dihydropyr-
one 5 which itself arose from a cyclocondensation reaction of
enantiomerically pure 3 and diene 4. In our second-generation
synthesis,["l the enantiomerically homogenous 6 reacted with
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Scheme 1. Structure of epothilone B (1) and several methods for the
construction of the C6—C7 bond in the acyl sector (2) of the epothilones.
Bn =benzyl, TMS = trimethylsilyl, Troc = trichloroethoxycarbonyl, PG =
protecting group.

achiral enolate 7, giving rise selectively (approximate ratio =
5.5:1) to 8, with the required R, S, and S configurations at C6,
C7, and C8, respectively. The configuration at C3 was
subsequently induced by catalytic, reagent-based, asymmetric
reduction. System 2 can now be prepared in a highly
convergent fashion on a multigram scale by this synthesis.[®!

The background result which was central to the program
described below was reported by Schinzer and co-workers,
and was subsequently used by others.* % The essence of
Schinzer’s claimP®! was that aldol condensation of the enan-
tiomerically defined lithio enolate system (see 10 in
Scheme 1) with the enantiomerically defined aldehyde 9
occurs with high stereoselection in the required sense at the
emerging C6—C7 bond, leading, eventually, to a product of
type 2. In essence, in the approach of Schinzer etal., the
chirality at C3 had induced the required C6(R) and C7(S)
configurations. This is in contrast to our second generation
approach where the stereogenicity was induced solely by the S
aldehyde 6.

We undertook to revisit this type of aldol condensation for
several reasons. The role of the pre-C8 S methyl group in 9 in
delivering the high diastereofacial selectivity at C6 and C7
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was not established. The fS-hydroxy fert-butyl ester 12 was
prepared with high enantioselectivity by the reaction of
aldehyde 11 with lithio fert-butyl acetate following precedents
and protocols described by Duthaler and co-workers in other
contexts (Scheme 2).'1 With the expectation of probing the
basis of Schinzer et al.’s findings in greater detail, we also
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Scheme 2. Asymmetric synthesis of stereogenic center C3. e.r. =enantiomeric ratio, TBS = tert-butyldi-

methylsilyl.

prepared the ent [B-hydroxyester 13 and converted the
enantiomeric C3 alcohols into their TBS derivatives 14 and
15. However, we were unable to effect aldol condensation
between 6 and the lithio enolates derived from 12 or 13 owing
to vulnerabilities in the S-siloxyester network.

Given our inability to couple 14 and 15 as their lithium
enolates, we examined the feasibility of using the enantio-
meric S-hydroxy esters 12 and 13 in the form of their lithio
enolate alkoxides, in the coupling reactions with 6
(Scheme 3).[") In these cases, S-elimination of the C3 oxygen
was not a problem and aldol condensation proceeded
smoothly. The results were most interesting. When the
C3(S) enolate corresponding to 12 was treated with enantio-
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Scheme 3. Aldol reactions of the enantiomeric -hydroxy esters 12 and 13
with 6.
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merically pure aldehyde 6, there was generated a 3:2 ratio of
two products. Subsequently, it was shown by correlation (see
below) that the major product, 16, corresponds to a C6/C7 bis-
epi version of 2 (that is, C6(S) and C7(R)), while the latter 17,
has the required epothilone configurations, C6(R) and C7(S)
(in addition to being S at C3).

We then examined the correspond-
ing reaction employing the enolate
alkoxides derived from the ent pre-
cursor 13. Remarkably, this reaction
gave rise to a single aldol product
(Scheme 3). Correlation with other
intermediates in the program (see
below) established that the C6 and
C7 configurations in 18 correspond to
Me  those required to reach an intermedi-
ate such as 2. Of course, the config-
uration at C3 in 18 is R rather than the
required S. Hence, the use of com-
pound 18 in a total synthesis of a
naturally configured epothilone
would require inversion at C3.

Nonetheless, these results are quite informative. They teach
that the transition state of the aldol reaction of the C3-
unprotected enolate system with 6 is very different from that
of the protected enolate 10 with 9.8 Thus, in the C3-
protected series (in the case of Schinzer et al.) S chirality at C3
is needed to deliver the required C6(R),C7(S) configurations
in the aldol product, following condensation with enantio-
merically pure (S)-9. By contrast, in the C3-unprotected
dilithio series (see 13), it is the C3(R) enantiomer which
delivers the C6(R),C7(S) configurations with the correspond-
ing very similar aldehyde 6.

In addition to accounting for the sharp difference in
outcomes as a function of the state of protection at C3, we
sought to explain why the 1246 case gave rise to a virtually 1:1
mixture of 16 and 17, while the 13+6 combination is matched,
leading cleanly to a single product 18. We propose that there
are five desiderata for such an aldol condensation (Scheme 4):
1) The usual chair transition state in the C—C bond forma-
tion,['! 2) chelation of the lithium counterion (or counterions)
by the alkoxido and enolate oxygens,['™! 3) a syn relationship
between the C2 proton of 6 and the C6 methyl group of the
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Scheme 4. Five desiderata for the aldol condensation.
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enolate, 'l 4) attack by the aldehyde anti to the large resident
R group of the enolate, and 5) attack by the enolate on the
face of the aldehyde which is anti to the resident allyl or
pentenyl group. In starting with electrophile 6, the special y,0-
unsaturated aldehyde effect(’™ will tend to orient the double
bond of the allyl function for a favorable interaction (perhaps
by mt-stacking) with the aldehyde group.[’!

While the relative weightings of these factors are not
known, we note that in the reaction of R enolate 13 with 6 to
give 18, the transition state of the aldol step shown incorpo-
rates each of the energy-lowering features (1)-(5)
(Scheme 5). Thus, the two enantiotopicities of 13 and 6 are

H
(1,2,3,5) 1,2,3,4)

| |

17 16

(1,2,3,4,5) 1,2,3)

| |

18 19

Scheme 5. Proposed transition states in the aldol reactions of 12 and 13
with 6.

matched to produce 18.I] The transition state alignment that
would be necessary to produce the alternative, not observed,
C6,C7-erythro product 19, given the incorporation of features
(1)-(3), would be lacking favorable elements (4) and (5). Ina
similar vein, in combining the S enolate 12 with 6, with
inclusion of features (1) —(3) as given, each transition state is
seriously unoptimal. To reach 17, attack of aldehyde 6 must
occur syn to the large R group projecting from the chelate.
Conversely, in reaching 16, the effect from overlap of the
terminal vinyl group with the aldehyde is forfeited.

To explore these concepts further, we conducted a critical
experiment to test the postulate implied in Scheme 2. We
reasoned that if ensembles pre-16 and pre-17 correspond to
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mismatches, while 18 is matched, there could be measurable
kinetic consequences. We probed this matter by using a
racemic mixture of enolates 12 and 13 with a limiting
concentration of enantiopure aldehyde 6. In practice this
experiment turned out to be most revealing. Reaction of
racemic 12:13 (one equivalent) with lithium diisopropylamide
(two equivalents) to achieve double deprotonation) was
followed by addition of approximately half an equivalent of
optically pure (5)-6. Remarkably, this reaction produced 18
(70% yield) virtually free of 16 or 17 (or 19) [Eq. (1)]. In
short, the matched/mismatched hypothesis has been corrobo-
rated at the kinetic level in a remarkable instance of
molecular recognition in covalent bond formation through
an aldol condensation.

12 (0.5 equiv) +13 (0.5 equiv) + LDA (2 equiv) —
[racemic alkoxide enolates]

M

6 (~0.5equiv) 18

In addition, our data strongly suggest that in the C3-
protected series (such as 10), the chirality induction does not
involve chelation between C3 and C5.1' Indeed, the protect-
ing groups which have been used at C3[> 8l tend to be large and
thus disfavor a chelate-directed conformational organization.
By contrast the transition state in Scheme 6 nicely accounts

Scheme 6. Proposed transition state for C3-protected series.

for the sense of the stereochemical transmission in the C3-
protected enolate series. We propose that the C3 “OR” group
is positioned anti to the C4—CS5 bond. In the C3(S) enolate 10,
attack of aldehyde 9 syn to the C3 hydrogen leads to 2, with
C6(R),C7(S) configuration (as required for the epothilones).
This combination can be termed as matched. The formation of
the C6(S),C7(R) product from the ensemble of 9 and 10 as
proposed would require attack to occur syn to the CH,R" face
of the enolate on the R’ face of the aldehyde.

The structures of 16— 18 were established by methods which
demonstrate the capacity to control the configuration at C3 by
the “titano” fert-butyl acetate method (Scheme 7). Corre-
lations started with condensation of lithio-20 with 6 to afford
the C6(R),C7(S) and C6(S),C7(R) aldol products in a 4:1
ratio. Protection of each compound as the Troc derivative and
deprotection of the aldehyde function afforded compounds 21
and 22. Following diastereospecific two-carbon homologation
of these compounds, correlation with 16—18 was readily
accomplished.

In summary, the strikingly different senses of long-range
transmission (over five bonds) of stereochemical information
in seemingly related aldol condensations have been rational-
ized by comparing the effects of resident silyl ether and “lithio
alkoxy” functions. In the case of the lithio alkoxy enolates, a
huge kinetic advantage favoring the matched series has been

0044-8249/00/11224-4681 $ 17.50+.50/0 4681



ZUSCHRIFTEN

O OR O OTroc current, still unoptimized, method-
: ology produces dEpoBF¢ on multi-
tBuO Y Y gram scale.
Me Me [7] a) A. Balog, C. R. Harris, K. Savin,
OiPr O 6 21 correlated with 16 X.-G. Zhang, T. C. Chou, S. J. Dan-
_ Me ishefsky, Angew. Chem. 1998, 110,
iPro O OR O OTroc 2821; Angew. Chem. Int. Ed. 1998,
H P 37, 2675; b) C.R. Harris, S.D.
20 O O OTroc tBuO : Kuduk, A. Balog‘, K. Savin, P. W.
g P o Me Me Glunz, S.J. Danishefsky, J. Am.
H ; correlated with 17 Chem. Soc. 1999, 121, 7050.
Me Me \\ [8] a)J. Mulzer, A. Mantoulidis, E.
2 O OR O OTroc Ohler, Tetrahedron Lett. 1998, 39,
= 8633; b) K. C. Nicolaou, D. Hep-
tBuo H worth, M. Ray, V. Finlay, N.P.
Me Me King, B. Werschkun, A. Bigot,
correlated with 18 Chem. Commun. 1999, 519.

Scheme 7. Independent synthesis of compounds for correlation with 16-18. o1 A §1m11ar boron enolate aldol re-
action was reported: D. A. Evans,
M. A. Calter. Tetrahedron Lett.

1993, 34, 6371.
demonstrated. Extensions of these findings to other instances [10] R. O. Duthaler, P. Herold, W. Lottenbach, K. Oertle, M. Riediker,

of long-range transmission of stereochemical bias are a
continuing area of interest in our laboratory.
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