1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Chem &ci. 2012 November 1; 3(11): 3326-3330. doi:10.1039/C2SC21325G.

Complex fragment coupling by crotylation: A powerful tool for
polyketide natural product synthesist

Samuel K. Reznik, Brian S. Marcus, and James L. Leighton
Department of Chemistry, Columbia University, 3000 Broadway, New York, New York, 10027,
USA. Fax: (+1) 212-932-1289; Tel: (+1) 212-854-4262

James L. Leighton: leighton@chem.columbia.edu

Abstract

The first examples of the use of crotylation as a stereocontrolled complex fragment coupling
strategy are described. Asymmetric aldehyde isoprenylation provides access to 2-substituted-1,3-
butadienes that may be subjected to highly regio- and stereoselective 1,4 hydrosilylation with
trichlorosilane. After complexation with a chiral diamine, the 2-sub-stituted-cis-crotylsilanes may
be employed in highly diastereoselective Sc(OTf)s-catalyzed aldehdye crotylation reactions.

Introduction

Polyketide natural products of the polypropionate/polyacetate type are often possessed of
important biological activities, none more so than spongistatin 1. First reported nearly
simultaneously by three research groups in 1993,1-3 this extraordinarily complex and
exceedingly precious anti-mitotic agent has been shown to have an average 1Csg value
against the NCI panel of 60 human cancer cell lines of 0.12 nM.# Not surprisingly, this
confluence of scarcity and truly extraordinary potency has elicited an enormous amount of
attention from synthetic chemists, and this has thus far resulted in seven groups reporting
syntheses of spongistatin 1 and/or 2.5-11 Notably, the Smith group succeeded in
synthesizing 1 gram of spongistatin 1 in 2008,7d an amount that is likely all the material that
will ever be needed for pre-clinical development. The goal of turning spongistatin 1 or an
analog thereof into a cancer drug remains an extremely daunting challenge, however, and
will require the development of a synthesis that can both facilitate the rapid production of
such analogs and ultimately deliver the quantities needed for clinical development.

Study design

For the synthesis of the ABCD half of spongistatin 1, the Felkin-selective anti-aldol
approach pioneered by Evans®C stands as the preeminent fragment coupling method to join
the AB and CD spiroketals, and as a means to install the stereocenters at C(15) and C(16) it
could scarcely be more effective (Figure 1a). Conversely, it also entails the multi-step
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synthesis of a sensitive a-chiral-p,y-unsaturated aldehyde as in 1, and, as we considered the
prospect of performing such a fragment coupling on a tens of grams (or larger) scale, we
were concerned that this approach might entail an unacceptable level of risk. Our charge was
thus clear: develop a new fragment coupling strategy to install the entire C(13)-C(17) array
that would require fewer, yet more easily scaled operations, while avoiding the intermediacy
of sensitive functionality.

To that end, we considered an alternative approach based on a tandem Sc(OTf)3-catalyzed
crotylsilylation?/Tamao oxidation/diastereoselective tautomerization!? strategy that would
join fragments such as 3 and 4 to produce the entire C(13)-C(17) array of functionality and
stereochemistry in an efficient, stereoselective, and scalable way (Figure 1b). As exciting as
this prospect seemed, however, its reduction to practice would be of little consequence
unless equally efficient and scalable methods for the synthesis of 3 and 4 from simple
prercursors could be developed. And while the silylformylation of homopropargylic alcohols
such as 5 to produce aldehydes of type 4 is a well precedented!4 and highly efficient
process, the same cannot be said of the production of complex 2-substituted crotylmetal
species such as 3. Indeed, no stereocontrolled complex fragment coupling crotylation has
ever been demonstrated, largely due to the fact that there is no obvious way to make 2-
substituted crotylboranes or boronates of this type.18 With the advent of our crotylsilane
methodology,12 however, complex fragment coupling by crotylation might now be within
reach due to Tsuji’s remarkably efficient and selective Pd(PPh3),-catalyzed 1,4-
hydrosilylation of 2-substituted-1,3-butadienes with HSiCl3.17 This leads back to diene 6,
which we envisioned accessing with an asymmetric aldehyde isoprenylation reaction.
Because it seemed possible that this proposed sequence might meet all of our criteria for a
step-economical, scalable, and relatively risk- free fragment coupling strategy, we decided
to pursue the development of this methodology and report herein the results of that study.

Results and discussion

The first task we faced was the identification or development of an efficient and scalable
enantioselective aldehyde isoprenylation reaction. Two such methods are known,8:19 but as
it was not clear that either was possessed of the type of practicality, scope, and ready
scalability we desired, we decided to examine our strained silane platform in this context.
Conversion of 2,3-dibromoprop-1-ene to 720 using the Furuya protocol?! was both efficient
(83%) and highly scalable, and was followed by a Stille coupling2? with vinyltributyltin to
give 8in 55% yield (Scheme 1). Complexation with diamine 9 to produce isoprenylsilane
(R,R)-10 was straightforward, though — because 10 was not crystalline — it was simply
isolated as a solution in CH,Cl, after filtration of the DBU<HCI salts. This solution could be
used in concert with 5 mol% Sc(OTf)3 for the smooth and experimentally straightforward
asymmetric isoprenylation of aldehydes. Thus, hydrocinnamaldehyde was converted to 11 in
95% yield and 94% ee, while the vastly more hindered and more relevant aldehyde 12 was
converted to 13 in 78% yield (=15:1 dr).2324 While the synthesis of 10 requires some effort,
we have found that it may readily be prepared on large (~80 g) scale and stored and used as
needed, and the payoff in terms of the simplicity and scalability of the isoprenylation
reaction more than compensates for this effort, especially with complex and expensive
aldehydes.
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With ready access to dienes such as 11 and 13 secured, we turned our attention to the diene
hydrosilylation, diamine complexation and Sc(OTf)s-catalyzed fragment coupling
crotylation reaction sequence. In contrast to the simple crotylation process wherein the
crotylation reagent is prepared and isolated separately, neither the crotyltrichlorosilane nor
the diamine-complexed crotylsilane may be easily purified when derived from a complex
diene, and the efficiency of the fragment coupling crotylation reaction will depend on the
cumulative efficiency of all three operations. Another concern at the outset was that we
knew little about the compatibility of various functional and protecting groups with the
hydrosilylation reaction conditions, and indeed, we quickly found that silyl ether protecting
groups (TES, TBS) are cleaved when heated in the presence of HSiCls. As a result, and
because the AB spiroketal (i.e. 6) has two esters (the C(1) carboxyl group and the C(5) OAc
group), we focused on the use of acetate groups for alcohol protection. Thus, acetate 14 was
prepared and subjected to the Tsuji hydrosilylation reactionl’ (Scheme 2). Although it
proved necessary to heat this reaction for a reasonable reaction rate, the reaction was
otherwise straightforward, efficient, and highly diastereoselective, affording 2-substituted-
cis-crotyltrichlorosilane 15. After removal of all volatiles, 15 was treated with diamine 9 and
DBU, and following removal of the DBU+HCI, 16 was obtained as an oil. This was
immediately employed in the Sc(OTf)s-catalyzed crotylation reaction with
dihydrocinnamaldehyde (1.0 equiv relative to 14), and following quench (with n-BusNF),
workup and purification, 17 was isolated in 79% yield. 1H NMR analysis of the unpurified
reaction mixture suggested the presence of small amounts of diastereomers, attributable to
the fact that the 14 we used was 94% ee, and/or to a small amount of the diastereomer being
produced in the crotylation event. Despite this, 17 was produced with =10:1 overall
diastereoselectivity. The 3-stage process was repeated with aldehyde 12, leading to 1823 in
74% overall yield and establishing that complex aldehydes may be successfully employed.
To establish that the diamine is the dominant source of stereocontrol, the sequence was then
performed with the enantiomeric diamine (S9-9, and this led to 2023 in 79% vyield. That this
latter reaction was highly diastereoselective is significant in that it reflects the unique access
to the syn-anti-syn array that our crotylsilane methodology provides,? and in that the
relative stereochemistry of 20 matches that of the C(14)-C(16) fragment of spongistatin 1.
Finally, more complex diene 21 was subjected to the sequence with (R,R)-9 and aldehyde
12, giving complex polyketide-like array 2223 in 73% yield. These results establish that the
entire sequence is reliable (73-79% yields consistently), and applicable in complex settings.
This level of overall efficiency is remarkable (the average yield for the three operations is
~91-92%), and the entire sequence requires only a single purification by chromatography at
the end.

The remaining outstanding question with respect to the application of this chemistry to a
synthesis of the ABCD half of spongistatin 1 concerned the performance of aldehydes of
type 4 in the fragment coupling crotylation process. Such aldehydes are highly deactivated
both sterically and electronically, and it seemed prudent to confirm that they would be well
behaved with complex crotylsilanes of type 16. For this purpose we employed diene 21,
which was converted to crotylsilane 23 as above (Scheme 3). Simultaneously,
homopropargylic alcohol 24 was silylated and then silylformylated to give aldehyde 25.
Both 23 and 25 were taken directly into the Sc(OTf)s-catalyzed crotylation reaction, and to
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our delight, this sequence was as efficient as those described in Scheme 2, and led to the
isolation of 26 in 76% yield (=10:1 dr) from 21 and 24. To finish the model sequence for the
projected spongistatin 1 AB and CD fragment coupling, 26 was subjected to a Tamao-type
oxidation.2> Although the desired product 27 was obtained, the diastereoselectivity of the
tautomerization event (at C(10)) was significantly lower (~2-3:1) than we had previously
observed (~8:1) when using our “standard” oxidation conditions (H,O,, KF, MeOH,
THF).12.13 This was unexpected as it directly implied that remote functionality and
stereochemistry can have an impact on the selectivity. After some experimentation, we
found that when the oxidation was performed with KHCOj3 instead of KF, and with i-PrOH
instead of MeOH/THF, the diastereoselectivity could be improved to 5:1. Using these
conditions, 27 was isolated as a single diastereomer in 61% yield. Whether or not further
optimization proves possible, the fact that the specific structure of the fragments has an
impact suggests that such optimization studies will be most effectively carried out on the
“real” spongistatin 1 fragments. For now, the 61% yield for the oxidation step — which both
installs the C(11) ketone and establishes the C(10) stereocenter — constitutes a convincing
proof of concept.

It is perhaps worthwhile to evaluate in detail the overall transformation typified by the
conversion of 21 and 24 to 27. In this series of chemical operations, a 2-substituted-1,3-
butadiene, carbon monoxide, and a propynyl group are assembled into a complex array of a
1,1-disubstituted alkene, three stereocenters, and a ketone (Figure 2). Conceptually, as an
example of the generation of valuable molecular complexity from truly simple building
blocks, this transformation is exceptional. In terms of practicality and scalability, four of the
six operations are carried out at ambient temperature, one at 0 °C and one at 70 °C (i.e. no
cryogenic (=78 °C) steps). Three transition metal catalysts are employed in this sequence,
and the entire list of required reagents is HSiCls, HoO5, Ph,SiHCI, Et3N, DBU, n-BugNF,
KHCOg3, and (R R)-9. All but the last of these are commercially available at nominal to
moderate cost, and the last is routinely prepared in our lab ~300 g at a time by
undergraduate researchers. Contrary to what may be a more or less widely held belief that
the use of chiral controllers such as (RR)-9 in stoichiometric quantities is problematic in
practical terms, we can discern no objective justification for this viewpoint — (R R)-9 is an
abundant and inexpensive reagent whose use in stoichiometric quantities presents no
significant practical problems, especially in the context of a complex fragment coupling
process. We stress this point because if meaningful progress toward the extremely difficult
but equally worthwhile goal of being able more rapidly and efficiently to generate large
quantities of complex structures such as spongistatin 1 is to be made, it will be important not
only to advance new conceptual frameworks at the strategic level, but also to focus on the
actual efficiency-limiting problems at the practical level. In that regard, we note that the use
of a high-pressure (~500 psi) carbonylation reaction, for example, is less than ideal in
practical terms, and we continue to search for ways to obviate its use. Notwithstanding that
and other less than ideal aspects of this sequence, we believe the chemistry described here
represents both a new conceptual framework and a significant practical advance with respect
to the rapid, efficient, and potentially scalable assemblage of complex and precious
polyketide natural products such as spongistatin 1.
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Conclusions

We have described the first examples of stereocontrolled complex fragment coupling by
crotylation. The process is general, applicable in complex settings, and efficient, typically
proceeding in 73-79% yield. As an alternative to fragment coupling by aldol addition,26 it
may in some cases represent a more enabling tool for polyketide synthesis, and we note as
well that the 1,1-disubstituted alkene product may, in principle, be diastereoselectively
hydrogenated, epoxidized, or dihydroxylated.2” When applied in concert with the
silylformylation and Tamao oxidation chemistry described in Scheme 3, the fragment
coupling crotylation methodology can deliver complex polyketide arrays from simple
building blocks in an experimentally straightforward, step-economical, and relatively
practical fashion. The application of this and other28 new methodology to a step-economical
and scalable synthesis and coupling of a diene-bearing AB spiroketal fragment such as 6 is
being successfully pursued, and will be reported shortly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a The Evans aldol disconnection strategy for the coupling of the AB and CD spiroketals of
spongistatin. b A proposed fragment coupling strategy by tandem crotylsilylation/Tamao

oxidation/diastereoselective tautomerization.
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Fig. 2.
An evaluation of the transformation of a 1,3-butadiene, CO, and a propynyl group into a

complex array comprised of a 1,1-disubstituted alkene, three stereocenters, and a ketone.
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Synthesis and reactions of isoprenylsilane 10.
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Scheme 2.
Fragment coupling by crotylation.
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Scheme 3.
Fragment coupling by crotylation and Tamao oxidation/diastereoselective tautomerization.
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