VOLUME 74, NUMBER 8

OCPerspective

April 17, 2009

O Copyright 2009 by the American Chemical Society

The Interplay of Invention, Discovery, Development, and
Application in Organic Synthetic Methodology: A Case Study

Scott E. Denmark*

Roger Adams Laboratory, Department of Chemistry, University of Illinois, Urbana, Illinois 61801

sdenmark@illinois.edu

Received January 7, 2009

QL > @@

TG = transferable L
S b ] (e

This Perspective chronicles the conceptual development, proof of principle, exploration of scope,
mechanistic investigations, and applications in natural product total synthesis of palladium-catalyzed
cross-coupling reactions of silicon derivatives. The explication of how this new class of cross-coupling
reactions evolved from problem formulation to use in complex molecule synthesis serves as one goal of
the essay. The other goal is the presentation of the various stages of this methodological enterprise such
that the reader gleans a first hand look at one approach to the creation of new synthetic reactions. These
two goals are woven together such that the underlying thought processes that guide a program of reaction
development emerge in clear view and imbue the chemical tapestry with a cohesive logic.

“...0f course, men make much of excuses for activities
which lead to discovery, and the lure of unknown
structures has in the past yielded a huge dividend of
unsought fact, which has been of major importance in
building organic chemistry as a science. Should a
surrogate now be needed, we do not hesitate to advocate
the case for synthesis.” R. B. Woodward"*

Introduction

Woodward’s visionary insights in the oft-quoted passage
above are as relevant nowadays as they were nearly half a
century ago. The revolution Woodward advocated, namely
that the new challenge for organic synthesis begins at the
advanced vantage point of an established structure,'® inspired
generations of organic chemists and thrives still today. Even
though the organic chemistry of the 21st century is as rich
and varied as anything Woodward could have imagined, it
is nonetheless appropriate once again to ask, “What excuses
for activities that lead to discovery currently capture the
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imagination of organic chemists?”. Although the answers to
this question will naturally reflect each individual’s perspec-
tive, some consensus can be found in what defines the frontier
for the major themes of structure, function, synthesis,
reactivity, and mechanism. As Woodward (and many others)
predicted, the creative function of organic chemistry con-
tinues to provide solutions to the challenges associated with
all of these categories.

However, in the subdomain of synthesis, the frontier has
appropriately shifted from the synthesis of structures, both
naturally inspired and theoretically challenging, to the synthesis
of properties, i.e., structures with programmed function.” The
desired function can take on the myriad manifestations of non-
natural substances that enhance life on earth. And although the
approaches to the creation of molecules expressing those
functions are many and varied (e.g., computer-aided design,
diversity-oriented synthesis), the fundamental fact remains that
the ability to rapidly, efficiently, selectively, and inexpensively
synthesize compounds defines the horizon for the success of
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all of these enterprises. We therefore submit that the introduction
of new concepts and the creation of useful methods (i.e., issues
of reactivity and mechanism) for the synthesis of (organic)
compounds constitute a chemical evergreen.

If one accepts this premise, then the question naturally arises,
“How does one go about introducing concepts and creating new
methods?”. For the purposes of this personal perspective, we
shall address the latter question in the form of a narrative
explication of an ongoing research program in our laboratories,
namely the invention of cross-coupling reactions of organosi-
lanols.? The evolution of this program nicely illustrates one of
many successful paradigms that the creation of new synthetic
reactions can follow. We have chosen this one because, as
implied in the title, it represents a real-life case study of the
interplay of invention, discovery, development, and application.*

Invention Stage I: An Interesting Concept Finds a Practi-
cal Application

A recurring theme in this research group is the introduction
of new strategies to modulate chemical reactivity. One such
strategy is known as “strain-release Lewis acidity”. Whereas
the concept of Lewis acidity (i.e., the tendency of a substance
to employ a lone pair from another molecule in completing the
stable group of one of its own atoms®) is most commonly
associated with electronic perturbation of the acceptor molecule,
“strain-release Lewis acidity” is founded on the structural
perturbations that enhance the affinity of the acidic atom for
expanding its coordination number.® Invariably, expansion of
coordination number also changes ligand field geometry.
Therefore, distortion of the ground-state geometry of the nascent
Lewis acid toward the geometry of the Lewis acid—base adduct
should result in an energy release upon binding and attend-
ant increase in the equilibrium favoring association. The concept
is general for elements in the Main Group. For example, in
Group 13, the hyper Lewis acidity of 1-boraadamantane’ results
from geometrical inhibition of planarity of the boron atom that
causes a mixing of s-character into the unoccupied orbital and
attendant exposure of the nuclear charge, Scheme 1. In Group
14, the enhanced Lewis acidity of spirogermane (Scheme 2)
results from the distortion of the C—Ge—O angles from their
normal value of 109° to 91.5° closely approximating the
idealized value in a trigonal bipyramidal adduct.®
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Early attempts to harness this potential of “strain release
Lewis acidity” for chemical reactions focused on the use of
enoxy derivatives of silacyclobutanes for uncatalyzed aldol
additions (Scheme 3).° The angle strain in a four-coordinate
siletane (79° vs 109°) is partially relieved upon binding a fifth
ligand to produce a trigonal bipyramidal species (79° vs 90°)
in which the siletane bridges an apical and a basal position.
The affinity of the silicon atom for the aldehyde oxygen lone
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pairs served to activate and organize the assembly for a
spontaneous aldol addition reaction.'®

To expand the utility of the ‘“strain release Lewis acidity”
concept, we considered other chemical reactions that required
access to a hypercoordinate silicon moiety for reaction to take
place. It was during this period (late 1990s) that transition-metal-
catalyzed cross-coupling was undergoing spectacular develop-
ment,'" and our attention was drawn to the possibility of using
siletanes as donor groups in this process. The pioneering work
of Hiyama and Hatanaka had demonstrated that organosilanes,
when suitably functionalized (with heteroatoms) and in the
presence of a nucleophilic activator, can undergo cross-coupling
reactions with palladium catalysis.'? The crucial feature for the
success of the “Hiyama coupling” was believed to be the ability
to generate the reactive, pentacoordinate siliconate intermediate
that was needed to effect the rate-limiting transmetalation.'?
However, the fluoro- and chlorosilanes used for these couplings
had not been widely adopted most likely because of their
sensitivity and the need for elevated temperatures in the presence
of fluoride source to effect coupling. Thus, under the reasonable
assumption that transmetalation is the turnover-limiting step,
our efforts focused on the design of a new silicon subunit with
enhanced reactivity and better chemical stability. In view of
the Hiyama—Hatanaka paradigm, our initial proposal was to
investigate the ability of siletanes to serve as the coupling
partners. Siletanes offered two critical advantages: (1) they are
chemically more robust than halo silanes and (2) their propensity
to become pentacoordinate in the presence of Lewis bases (e.g.,
fluoride) should facilitate transmetalation.

Discovery Stage I: Always Question Your Assumptions

Thus, with the conceptual framework established, we began
the testing of our hypothesis in earnest. To our delight,
silacyclobutanes (E)-1 and (Z)-1 (readily prepared from the
commercially available silacyclobutyl chloride) underwent cross-
coupling reactions with aryl halides in combination with
tetrabutylammonium fluoride (TBAF) and in the presence of a
palladium catalyst (Scheme 4).'* The use of TBAF as a
nucleophilic activator was most effective, while other fluoride
activators (TASF, TBAT, and KF) were incapable of promoting
the reaction. A survey of catalysts revealed the “ligandless”
palladium(0) as Pd(dba), or Pd,(dba); to be superior to other
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palladium sources. The reactions were remarkable for the mild
conditions, and high stereospecificity (greater than 98% in most
cases) of the TBAF promoted coupling to a variety of alkenyl
and aryl iodides (ca. 10 min at ambient temperature). Even in
the cross-coupling of alkenyl iodides to form (E,E)-4 and (E,Z)-
4, the olefin geometry of both coupling partners is highly
conserved. The successful coupling of alkenylsiletanes was
extended to vinyl-, 2-propenyl-,'* and even arylsiletanes.'®

These initial successes, although highly satisfying, were also
mystifying. Were the unexpectedly high rate, selectivity, and
generality of these cross-coupling reactions truly due to the
“strain release Lewis acidity” of the siletane moiety?'’ An early
experimental observation of a significant exotherm when
combining the siletane with the TBAF solution was an important
clue. The products isolated from combination of (E)-1 with
TBAF are the silanol (E)-5 and disiloxane (E,E)-6. These
products are clearly derived from ring opening of (E)-1 by the
combined action of TBAF and water (from the crystal hydrates
in TBAF+3H,0) (Scheme 5).'8
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The destruction of the siletane ring upon exposure to TBAF
clearly invalidated our original formulation of the process and
compelled a reevaluation of our mechanistic hypotheses. The
primary question now became whether the silanol 5, disiloxane
6, or even a fluorosilane were responsible for the cross-coupling.
This question was addressed by independent synthesis of 7, 8,
and 9, the dimethyl analoges of the three most likely candidates
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for that putative reactive intermediate. All three substrates are
competent coupling partners and provided nearly identical results
in a typical coupling with 4-iodoacetophenone (Scheme 6).

The similarity of reaction rates and yields could be explained
by either interconversion of these species to one another or
conversion of each of them to a more advanced, common
reactive intermediate. Interestingly, 'H NMR analysis of a
mixture of TBAF with siletane 1, silanol 7, disiloxane 8, or
fluorosilane 9, showed only two species which are formed
almost instantaneously. One species is easily identified as the
disiloxane 8 and the other species 10 as a compound containing
both silicon and fluorine as confirmed by #Si and '"F NMR
analysis (Scheme 7). Moreover, the ratio of 10 to disiloxane
increased with increasing amounts of TBAF; under typical
conditions for cross-coupling the ratio heavily favors 10.

The identity of 10 proved quite difficult to establish. All
attempts to isolate this material provided only the silanol 7. The
sign and magnitude of the *Si NMR chemical shift was
indicative of tetracoordinate silicon species, yet it did not match
any of the previously synthesized tetracoordinate silanes. After
elimination of many alternatives, we concluded that the
unknown species is a hydrogen-bonded complex between an
organosilanol and TBAF, (E)-10 (Scheme 7). Because (E)-10
contains a hydrogen-bonded fluorine atom, '"F NMR analysis
of a sample generated from (E)-7 and TBAF should indicate
the presence of a fluorine at a resonance different from that of
TBAF. At room temperature, the spectrum displayed only a
single resonance at —117.7 ppm. Cooling the solution to —95
°C, however, allowed the observation of two signals, one at
—113.8 ppm for TBAF and one at —150.8 ppm, which is very
close to the chemical shift for bifluoride (FHF").°
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Although indirect, all of the available data are consistent with
structure (E)-10 as the best fit for the unknown reaction
component. However, the ability to observe a species spectro-
scopically does not guarantee that it lies on the reaction pathway.
Thus, to demonstrate if (E£)-10 is truly a reactive intermediate
and also secure a deeper understanding of the reaction mech-
anism a full kinetic analysis of the process was undertaken.*
For these studies, silanol (E)-7 was used because it represents
the simplest way to generate (E)-10 and test its kinetic
competence. From initial rate kinetic studies the following
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conclusions were secured: (1) the reactions showed first-order SCHEME 9
dependence on [Pd] and zeroth-order dependence on aryl halide, Me me

(2) a second-order dependence on (E)-7 was found, and (3) two
difference regimes for the dependence on [TBAF] were found:
first order at low [TBAF] and inverse first order at high [TBAF].

A self-consistent picture of the reaction pathway could now
be formulated that explained this unusual kinetic dependence
and the intermediacy of (E)-10 (Scheme 8). The first-order
dependence on [Pd] and zero-order dependence on aryl halide
suggest a rapid, irreversible oxidative addition and a rate-limiting
transmetalation of the arylPdX species. Moreover, the second-
order dependence on (E)-7 reveals that two silanol moieties must
be present in the turnover-limiting transition structure. The
intermediacy of (E)-10 nicely explains this as well. Given that
(E)-10 is formed together with (E,E)-8 from (E)-7 in a TBAF-
dependent equilibrium, we now see that the species most likely
responsible for the turnover-limiting transmetalation is a
fluoride-activated disiloxane (E,E)-11. At typical TBAF con-
centration the resting state of the silanol is almost completely
in the form of (E)-10. Thus, to access the key intermediate (E,E)-
11 it must dimerize and lose one molecule of TBAF, thus
explaining the second-order behavior in (E)-7 and inverse-order
behavior in TBAF. This picture is consistent with the
Hiyama—Hatanaka paradigm, though the details of the actual
species involved are now more refined.

Development Stage I: From Siletanes to Silanols and Their
Derivatives

Although strain-release Lewis acidity was not the underlying
basis for the facile cross-couplings of siletanes, careful detective
work uncovered an important structural clue that might explain
the facility of these reactions, namely the presence of an oxygen
atom that allowed access to a fluoride-activated disiloxane such
as (E,E)-11. Thus, on the basis these findings, a new vista
opened before us to explore the uncharted chemistry of
dimethylsilyloxy compounds as cross-coupling partners. If,
indeed, all such silyloxy compounds converged to a common
intermediate in the presence of TBAF+3H,O, then not only
silanols but also di- and polysiloxanes and silyl ethers should
participate in cross-coupling reactions.

To implement this program, the first requirement was a
general, high-yielding synthesis of organosilanols. Fortunately,
the enormous importance of organosilicon compounds in both
polymer and synthetic organic chemistry?' provided satisfactory
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methods for the installation of the dimethylsilanol unit through
(1) addition of organometallic compounds to silicon electrophiles
followed by simple or oxidative hydrolysis,** (2) transition-
metal-catalyzed hydrosilylation,® and (3) silyl insertion,**
Scheme 9. Silanols are not well-known as reagents in organic
synthesis, but they are air- and water-stable reagents that can
be chromatographed on silica gel and distilled.”> They can
undergo dimerization to disiloxanes with widely varying rates
but in the absence of acidic or basic catalysts are stable
indefinitely. Moreover, the disiloxanes are equally competent
in cross-couplings.

Fluoride-promoted cross-coupling of alkenylsilanols with aryl
halides under catalysis by Pd(dba), are general, high yielding
and stereospecific processes (Scheme 10).2° Even heteroatom-
substituted alkenylsilanols give coupling products 18 and 19
readily at room temperature.**®

The success of these simple couplings stimulated the search
for a silanol equivalent of the siletane vinylating agent reported
previously. The direct synthesis of styrenes by cross-coupling
provides direct access to these important building blocks, and
atom-efficient, economical methods are needed.?’ Fortunately,
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one of the most inexpensive sources of vinylsilyl groups is D,",%*
which is also is a highly effective vinylating agent of both
iodides®*® and bromides,>®® Scheme 11. For the less reactive
bromides, an electron-rich ligand is needed to facilitate oxidative
addition and an excess of D," (0.5 equiv) is needed to suppress
a secondary Heck reaction of the products 20 to form stilbenes.

Tandem Reactions. One of the unique advantages of silicon-
based activating groups for cross-coupling reactions is the ability
to introduce fresh carbon—silicon bonds into organic substrates
by a variety of selective processes. Some of these sequences
can be executed as “one-pot” processes, and some are better
carried out after isolation of silicon-containing intermediates.
For brevity, only a single example (of many reported) from each
process will be illustrated, but together, the diversity of structural
changes serves to emphasize the power of the tandem reactions.

The simplest tandem reaction involves the combination of
hydrosilylation of terminal alkynes and the cross-coupling of
the resulting alkenylsilanols or equivalents, Scheme 12.*° The
site and stereoselectivity of the process is controlled by the
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hydrosilylation step, which for our purposes was optimized using
-BusP+Pt(DVDS)?! and tetramethyldisiloxane, 21.
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The tandem hydrosilylation/cross-coupling becomes more
interesting when executed intramolecularly. A number of
different variations on this theme have been developed that allow
the stereocontrolled construction of homoallylic alcohols from
silylated 3-pentynols, 23.> Here again, the configuration of the
double bond is controlled by the hydrosilylation step which can
be done in either syn (Pt to 24) or anti (Ru to 25) addition
pathways, Scheme 13.
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A slight modification of the reaction conditions elevates the
intramolecular hydrosilylation to a silylformylation process that
increases the molecular complexity of the product. The use of
a more active catalyst under a mild pressure of CO allows the
efficient incorporation of a formyl group in 28.*> Because
siloxane 28 is highly deactivated by the enal, new conditions
for the coupling were developed that suppressed protiodesily-
lation, Scheme 14.

SCHEME 14
= [Rh-Co] ary-X
—\/H— (0.5 mol %) H)=F0 [(ally)PdCl], Cul
Ssi-G co(oatm) o S FMeSi(H)Os
L M T Rt PP iPr KF-2H,0
0,
[Rh-Co] = [Rh(CN#Bu)4][Co(CO)4] - -
OH
b
oHd
|
N
!
Ts

The versatility of the hydrosilylation reaction can be extended
still further by the addition of the Si—H bond across multiple
unsaturated units. Thus, the silylcarbocyclization reaction can
create rings by joining the internal carbons of tethered dienes,
enynes, or diynes while functionalizing the terminal carbons.*
Once again, a stereodefined alkylidene unit is created that can
serve as a locus for carbon—carbon bond formation. For this
application, we employed benzyldimethylsilane (Scheme 15)
secure in the knowledge that the benzyl group in 29 would suffer
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rapid protiodesilylation by TBAF+<3H,O to 30 under the
conditions for cross-coupling.’® In this way, 5-membered
carbocycles and heterocycles could be prepared with a highly
substituted exoarylidene group appended.*®*’

In the foregoing examples, the alkene geometry is set as an
exo alkylidene unit on the newly formed siloxane ring. An
alternative approach that creates a defined cis geometry en-
docyclic to a siloxane ring takes advantage of the power of ring-
closing metathesis. Schrock’s catalyst efficiently closed unsat-
urated silyl ethers such as 32 to form 5-, 6-, and 7-membered
rings (Scheme 16).3%* These stable siloxanes 33 underwent
smooth cross-coupling with a variety of aryl and alkenyl halides
to produce functionalized and geometrically defined products,
34.
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Extension of the tandem RCM/cross-coupling sequence to a
double intramolecular mode using polyunsaturated precursors
35 allows construction of medium-sized rings containing a
difficult-to-access cis—cis diene unit (Scheme 17).*>¢ By this
approach 9-, 10-, 11-, and 12-membered rings containing the
Z,Z-diene, 37, could be efficiently prepared from simple
precursors. The relative position of the hydroxyl group is
controlled by the size of the siloxane ring.

SCHEME 17

Me Schrock's

(/ S'\/ catalyst (8 mol %)

- >

benzene, rt, 24 h
o~ 0.1'M

OH

Me, Me
I oSl [allylPdCl]; (10 mol %) C\A/g
RX | THF / TBAF (10 equiv) X"y
rt, syringe pump
37 X=(CH,): 70%
X=(CH,),: 63%
X=(CH,)3: 55%
X=(CHy)4: 72%

36 X=(CHyp);: 81%
X=(CHp)z: 82%
X=(CHp)s: 81%
X=(CHp)4: 83%

2920 J. Org. Chem. Vol. 74, No. 8, 2009

Although incomplete, this brief summary of the successful
development of silanol-based cross-coupling should convince
the reader that the scope, generality, and efficiency of the process
warrant consideration for application in the challenging arena
of natural product total synthesis. Indeed, the siren call of this
seductive activity is often impossible to resist when a newly
developed method can enable the simplification of a complex
molecular target.*

Application Stage I: The Method Comes of Age

Among the various implementations of the silanol-based
cross-coupling, the tandem RCM/cross-coupling process held
a special fascination for its ability to construct compounds that
are otherwise very difficult to prepare. Thus, a target molecule
was identified whose synthesis would feature this construction
as the key strategic maneuver. (+)-Brasilenyne, isolated from
the digestive gland of a sea hare (Aplysia brasiliana) by Fenical
et al. in 1979,%C has a novel 9-membered cyclic ether skeleton
containing a 1,3-cis—cis-diene unit. We recognized that (+)-
brasilenyne would be an ideal target to illustrate this synthetic
method because the coupling process is well suited to generate
the oxonin core of brasilenyne. The synthetic plan introduces
several challenges that require additional manipulations, most
notably the side chain at C(9), the ethyl group at C(2), and the
presence of the chlorine-bearing center at C(8). The retrosyn-
thetic analysis in Scheme 18 illustrates how these components
were to be assembled.*!

SCHEME 18
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The details of the assembly of the various intermediates with
high levels of stereocontrol have been described in detail
elsewhere.*'® The crucial application of the tandem RCM/cross-
coupling process with advanced intermediates 42 and 39
proceeded smoothly to afford key intermediate 38 (Scheme 19).
Routine manipulations (protection, enyne elaboration, and
hydroxyl inversion) afforded (+)-brasilenyne.

The total synthesis of (4)-brasilenyne successfully illustrated
the suitability of the tandem RCM/cross-coupling sequence, but
it also highlighted a serious limitation to the method, namely
the continued use of TBAF to activate the cross-coupling event.
Thus, the design of any complex molecule total synthesis must
avoid the use of silicon-protecting groups. Moreover, for
anticipated larger scale applications, the need for the expensive
and aggressive reagent would certainly discourage prospective
users. These concerns stimulated a concerted effort to find a
more practical and milder method of activating silanol cross-
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\ I Schrock's catalyst
si O\J (5.0 mol%)
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1,60 h ] 44%
61% Me  overall

PMBO 38
(+)-brasilenyne

coupling reactions. Although the motivation for this next stage
in the development process was purely of preparative origin,
we were unaware of the fundamental mechanistic insights that
lay waiting to be discovered.

Invention Stage II: Embracing the Hiyama—Hatanaka
Paradigm

The development of nonfluoride-based cross-coupling reac-
tions of organosilanes was a challenging prospect given the
reigning dogma that a pentacoordinate siliconate was required
to effect transmetalation to an organopalladium halide. How
else can the Si—C bond be activated for transmetalation in the
absence of fluoride? Initial hypotheses proposed that the
conjugate base of silanol (E)-7 could serve this function in two
ways (Figure 1): (1) the in situ generated silanolate (i) could
form an organopalladium(Il) silanolate complex (ii) by the
displacement of the halide from the organopalladium(II) com-
plex (ArylPdL,X), and (2) a second equivalent of i could serve
as the nucleophilic activator to form the desired pentacoordinate
siliconate (iif). This species would undergo intramolecular
transmetalation with simultaneous formation of polysiloxanes.
In this proposal, the role of the second silanolate is analogous
to the established role of fluoride in the preceding transformation.

In the event, the use of potassium trimethylsilanolate (KOSiMe;)
with (E)-7 and (Z)-7 or their independently prepared conjugate
bases underwent clean cross-coupling at room temperature with
a range of aryl iodides (Scheme 20).** These early observations
launched campaigns on both preparative and mechanistic fronts
to map out the uncharted landscape. Although we thought that
a simple solution to the “fluoride problem” had been found, we
did not anticipate that this discovery would represent a new
paradigm for silicon-based cross-coupling reactions.

Discovery Stage II: Continue to Question Your Assumptions

Once again, we were faced with the self-affirming, successful
demonstration of a reasonable hypothesis, in this case that
nonfluoride bases could activate the cross-coupling of silanols.
If our experience in general and this project in particular has
taught us anything, it is never to become too enamored with
your own hypotheses; always experiment fervently, and then
listen carefully. The first cautionary message arrived in the
observation that the Brgnsted base-promoted reaction exhibited
significantly greater rate dependence on the reaction conditions
and on the steric and electronic properties of the silicon center.**
We felt it was not prudent to assume that the fluoride-free
process operates by the same mechanism as the TBAF-promoted
cross-coupling.** Accordingly, a full kinetic analysis was
undertaken with the following objectives in mind: (1) determine
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FIGURE 1. Early proposal for the mechanism of the fluoride-free cross-
coupling of silanols.

SCHEME 20
Pd(dba)s (5.0 mol %)
R2Me Me I._~,  KOSiMe;(2.0equiv)  R? 7
J\/Si\ + | R /o R
R OH 7 DME, rt R
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R!=n-CgHqq, R2=H (B)-7 80-91%

R'=H, R2 = n-CgHy; (2)-7

R2Me Me I Pd(dba), (5.0 mol %) g2 N
s * TR ——— | IR
R! sO_K+ P DME, rt R X =
K*7-
0,
R1 g n'C5H11, HZ =H (E)'7 48-82%
R'=H, R? = n-CsHy; (2)-7

the intermediacy of a tetracoordinate species (ii, Figure 1), (2)
determine if i@ undergoes anionic activation by a second
equivalent of silanolate, and (3) isolate or spectroscopically
characterize the catalyst resting state.

To test the validity of the proposed mechanism, the reaction
order with respect to each component in the cross-coupling
reaction of K*(E)-7~ with 2-iodothiophene was determined. The
experimentally derived rate equation is as follows:**

rate = k, [(KT(E)-77]" (1)

kyp =k[Pd]'
n = 1 when K¥(E)-7"/Pd < 20/1 2)
n = 0 when K'(E)-7 /Pd > 20/1 (3)

This equation is consistent with the saturation of a reactive
intermediate prior to transmetalation, but it was not clear whether
that species is ii or iii. These possibilities were distinguished
by kinetic analysis using a superstoichiometric amount of
palladium relative to K*(E)-4~. Under these conditions, a first-
order dependence on silanolate was observed. These critical
experiments revealed an inconsistency with our original proposal
(Figure 1).** If iii were a reactive intermediate prior to
transmetalation, a second-order dependence on K*(E)-4~ should
be observed with a superstoichiometric loading of palladium
and substoichiometric amount of K*(E)-4~. This result suggests
that the transmetalation proceeds directly from an arylpalla-
dium(ID)silanolate complex #i. These data also imply that the
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first-order dependence on K*(E)-4~ (under catalytic conditions)
is consistent with a turnover-limiting bimolecular displacement
of halide by K*(E)-4~ (i to ii). Therefore, at high concentrations
of K*(E)-4~ intramolecular transmetalation from an arylpalla-
dium(II) silanolate (ii to iz) becomes turnover limiting.

These results mandated a revision of the original mechanistic
proposal to incorporate an intramolecular transmetalation from
a neutral species (Figure 2, ii—iv), thus contradicting the dogma
that silicon-based cross-coupling reactions require the genera-
tion of a pentacoordinate siliconate prior to transmetalation
(Hiyama—Hatanaka paradigm). Furthermore, these observations
illustrate the critical importance of the Si—O—Pd linkage for
this new transmetalation pathway. To confirm this new hypoth-
esis, additional evidence was needed to support the intermediacy
of ii by isolation and demonstration of its kinetic competence
in the absence of additional silanolate. Unfortunately, the high
reactivity of K*(E)-7~ precluded the isolation of any intermedi-
ates.

ot MaMe KH- Me\siMe/
P koS L oS oy,
Rt L, /. P
= K+ (B)-7" displacement Rt--;---/ L
i< turnover-limiting at i
low [silanolate}
transmetalation Lfad/ L reductive
isomerization o (7~ 7 CgH,; elimination SN
1] f’ i P T’Fv:
. ) =
(Me2S|o)n w Pd(O)Lz

turnover-limiting at
high [silanolate]

FIGURE 2. Revised mechanistic proposal for the fluoride-free cross-
coupling.

The problem was addressed by making recourse to the
palladium-catalyzed cross-coupling reactions of aryldimethyl-
silanolates, which are considerably slower compared to their
alkenyl congeners. Kinetic analysis of the reaction of cesium
silanolate (Cs*t127) with 2-bromotoluene in the presence of
allylpalladium chloride dimer ([allyIPdCl],) at 100 °C estab-
lished that the cross-coupling is in the same mechanistic regime

as KT(E)-77 (eq 4).
[allylPdClIl,, O
)

Me Me
O SI'O_Cs+ /@ phosphine oxide O
+ Br Me
MeO

Me CgHsCFa, 100 oC MeO
Cs*12— 43

rate = ks Cs*127]%bromide]® with kyp = k[Pd]

This rate equation is consistent with a turnover-limiting
transmetalation of an arylpalladium(II) silanolate and is similar
to the observed rate equation for the cross-coupling of K*(E)-
7~ (eq 3). These data once again rule out activation by a second
equivalent of silanolate to generate a pentacoordinate siliconate
prior to transmetalation. Moreover, the key arylpalladium(II)
silanolate intermediate 44 could be detected by 3'P NMR
spectroscopy in reaction mixtures. Finally, complex 44 was
independently synthesized and fully characterized including
single-crystal X-ray analysis (Figure 3).*3

The isolation of 44 allowed for the demonstration that
arylpalladium(II) silanolate complexes can undergo transmeta-
lation in the absence of an activator. Heating 44 to 100 °C
provides the biaryl product in quantitative yield. This result
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FIGURE 3. X-ray crystal structure of complex 44 (ORTEP drawing
with thermal ellipsoids drawn at 50% probability level).

unambiguously demonstrates that a neutral arylpalladium(II)
silanolate complex can undergo direct transmetalation to give
a cross-coupled product.

The mechanistic studies forced a radical rethinking of how
the fluoride-free cross-coupling reactions occur. Through a
combination of kinetics, spectroscopy, and synthesis, a new
pathway was elucidated in which transmetalation occurs from
a tetracoordinate species containing an Si—O—Pd linkage. This
discovery led to the development of new silicon-based cross-
coupling reactions and application in total synthesis.

Development Stage II: From Silanols to Silanolates

With the discovery that silanolate salts are the active agents
in the fluoride free cross-coupling process, a number of different
methods were developed to prepare the alkali metal salts. A
wide variety of Brgnsted bases have been implemented for the
formation of silanolates including: KOSiMes;, Cs,CO;3;, NaOt-
Bu, KO#-Bu, NaH, KH and NaHMDS. To date, four different
modes of activation have been developed, three for in situ
generation of the silanolate: (1) reversible deprotonation with
the weaker bases, (2) irreversible deprotonation with the stronger
bases, and (3) silanolate exchange isolation; and one for
independent generation and isolation of the silanolate. The
presentation of the methodological development will follow the
structural variation in the silanol donor. The first two classes
are those for which fluoride-promoted couplings are known, but
are vastly improved in the form of silanolate couplings because
of substrate scope and/or mildness of conditions. The remaining
classes are those that have been enabled by the introduction of
the silanolate coupling protocol.

Alkenylsilanolates. Three different methods of silanolate
generation have been conscripted into service for this class of
donors. The coupling of simple alkenylsilanols in the presence
of KOTMS (reversible deprotonation) was the initial develop-
ment and has been presented in Scheme 20.** A second method
(irreversible deprotonation with KH) is employed for the
coupling of silanolates with aromatic chlorides. The use of in
situ generated K™(E)-77, [allylPdCl],, and (SPhos) in THF at
60 °C provides an excellent yield of 45 with a variety of aryl
chlorides bearing nitrile, ester, nitro, and ketone substituents.*°
Furthermore, pyridines react smoothly, as do mono- and diortho-
substituted substrates (Scheme 21). In all cases, the cross-



coupling reaction is highly stereospecific, even for K*(2)-7~
(ratios of the major/minor geometrical isomer in parentheses).
The scope in silanolate also includes (E)- and (Z)-styrylsilano-
lates and tri- and tetrasubstituted alkenylsilanolates with similar
results.

SCHEME 21

R'Me cl [allylPdCIl, (25 mol %) R
. Me A y 2 o)
I O @
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O P(Cy)2
MeO OMe
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/\/@)‘\Ot Bu /\D/ HﬂCiD
CsHyq CsHy1

98% (99.5/0.5)

R!=n-CgHyy, R2=H (27
R!=H, R2 = n-CsHy (E)-7
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=
/\)|\/j H1105 | - H”CS
\ ~
CsHa N X N A

87% (99.6/0.4) 91% (99.3/0.7) 98% (99.6/0.4)

The special case of vinylation represents a significant
challenge because of the propensity of dimethylvinylsilanol (46)
to undergo spontaneous dehydrative dimerization to form
divinyltetramethyldisiloxane (DVDS, 47). Although it should
be possible to prepare the alkali metal salt of this delicate silanol,
occasionally one is well advised to embrace this kind of
adversity and use nature as an ally. In this case, we chose to
take advantage of the high thermodynamic stability of both
DVDS and hexamethyldisiloxane to establish an equilibrium
that would generate K™46~ in situ as shown in Scheme 22. Since
we know that KOTMS is not deleterious to the coupling
reaction, only K46~ should participate.

SCHEME 22
Me
Me Me o siok+ S - 4 o Me
\/$|\O,S|I\/4~ XAV ok N Me3S|\O,SE\/
Me =~ Me Me Me
47 K*46~ 48
Me . Me
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MesSis o -SIng” oIS Sisgi |+ Messi_siMe,
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Gratifyingly, this strategy performed admirably for the
vinylation of both aromatic iodides and bromides, Scheme 2347
A broader range of bromides could be engaged by the use of
2-(biphenyl)di(#-Bu),P and a slight modification of the reaction
conditions.

Arylsilanolates. This extremely important class of cross-
coupling partners is conspicuously absent from the ranks of the
successful silanol couplings previously described. Indeed, under
fluoride activation, the arylsilanols give poor yields and much
protiodesilylation. Even the silanolates generated by reversible
deprotonation (Cs,CO;) do not have a significant substrate
scope.*® Fortunately, two critical discoveries have dramatically
expanded the scope of the aryl—aryl cross-coupling, namely,
the use of isolated silanolate salts and the use of (--BusP),Pd
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SCHEME 23
R
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(“Fu’s catalyst”).** The advantages of using the preformed,
isolated salts include the following: (1) the reagents are isolable,
free-flowing solids that are indefinitely stable in a moisture-
free environment (similar to sodium methoxide), (2) their
physical properties facilitate handling, transportation, and stor-
age, (3) they require no additional activation, and (4) the
anhydrous conditions avoid the problems of disiloxane formation
and protiodesilylation. The new cross-coupling process displays
significant scope in the electronic and steric demands of both
donor and acceptor (including both bromides and iodides),
Scheme 24.

SCHEME 24
R2
H3C CH3 /
| O M+ _Br(Cl) (+BugP),Pd (2.5-5 mol %)
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R! M=Na, K / Z
R1 49
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Heterocyclic Silanolates. Five-membered (;7-excessive) het-
erocycles are ubiquitous in pharmaceutical, materials, and
natural product chemistry, and cross-coupling has taken on a
heightened significance in the elaboration of their structures.>
Accordingly, a significant effort has been invested in the
synthesis and manipulation of heterocyclic silanolates. All three
methods for generation of silanolates that involve Brgnsted base
deprotonation have been employed for this class of coupling
partners.

The greatest effort has been directed to the coupling of
indoles, and early studies demonstrated the ease of synthesis
and stability of protected 2-indolyldimethylsilanols and their
sodium salts. Reversible deprotonation of the silanols with NaO-
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t-Bu gave satisfactory results with both aromatic bromides and
iodides, but a stoichiometric amount of Cul was needed to
suppress protiodesilylation.’’ This limitation was removed by
making recourse to the sodium silanolates generated in situ by
irreversible deprotonation with NaH or NaHMDS, Scheme 25.
The in situ preparation of Na*50a~ provides an active reagent
for the cross-coupling of aryl iodides and extends the scope of
the cross-coupling partners to aryl iodides containing esters and
nitriles without the need for Cul. The preformation protocol
could be extended to other silanolate precursors that are sensitive
to protiodesilylation such as 50c and 50d.

SCHEME 25
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To facilitate the manipulation of (heteroaryl)dimethylsilano-
lates, their salts can be isolated from the irreversible deproto-
nation protocol. The salts are stable, storable solids that can be
charged directly into a reaction mixture and are competent
nucleophiles for a broad range of organic halides. The sodium
salt of N-SEM-dimethyl(2-indolyl)silanolate (52) is easily
prepared following the irreversible deprotonation protocol using
NaH. Removal of the solvent affords Na*t52~ as a colorless,
free-flowing solid. This silanolate undergoes smooth cross-
coupling with aryl chlorides (under conditions developed for
K*77) to provide excellent yields of 2-substituted indoles 53
with a broad substrate scope (Scheme 26).”"
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Allylic Silanolates. This new class of cross-coupling partners
introduces another level of site- and stereoselectivity to the
coupling process. Moreover, early attempts to induce fluoride-
promoted coupling of allylsilanols lead exclusively to protiode-
silylation. The sodium salts of both allyl- (54) and 2-butenyl-
silanols (56) are stable, free-flowing powders that effect cross-
coupling with a wide range of aromatic bromides (Schemes 27
and 28).°% An important limitation in the allylation reaction is
the isomerization of products derived from electron-deficient
arenes to propenylated arenes. Notably, a TES protecting group
survives the reaction conditions.

The “crotylation” of aromatic bromides with Na™56~ required
extensive optimization to maximize the formation of the desired
y-substitution product, y-57 (Scheme 29). A remarkable effect
of sr-acidic ligands (dba and nbd) allows for preparatively useful
selectivities and yields to be realized for a wide range of
aromatic bromides bearing both electron-donating and electron-
withdrawing substituents. The double-bond configuration of
Na™56~ has only a modest effect on the yield and site selectivity
of the process.”?

Tandem Reactions. Because of the need for a free silanol,
fewer tandem processes have been developed compared to the
fluoride-activated variant. Nevertheless, one such tandem se-
quence has recently been reported that involves the combination
of the Larock indole synthesis with a cross-coupling reaction,
Scheme 29.°* The regioselectivity of the Larock heteroannula-
tion is controlled by the size of the alkyne substituents. Thus,
a bulky silyl ether in 59 always resides at the C(2) position of
the newly created indole ring. After mild hydrolysis and sodium
salt formation, the coupling reactions of Nat61~ proceed
extremely well, even with aromatic chlorides. Overall, the
combination of these two reactions allows the controlled
construction of 2,3-disubstituted indoles 62 from 2-iodoanilines
58 and silylated alkynes, 59.

A second tandem process that involves two silicon-based
cross-coupling reactions serves to create unsymmetrical polyenes
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SCHEME 29
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rapidly and selectively. This process combines both fluoride-
free and fluoride-promoted reactions for the sequential cross-
coupling reaction of differently functionalized 1,4-bissilylbuta-
dienes.’* One end of the 1,4-bis-silylbutadiene bears a silanol
that can easily be converted to the potassium silanolate with
KOSiMe;. The other end bears a silanol surrogate (benzyl or
2-thienyl) that is revealed to the corresponding silanol upon
treatment with TBAF.

Under KOSiMe;s activation, silanols 63 and 64 undergo rapid
cross-coupling at ambient temperature with a wide range of aryl
iodides to provide the dienylsilanes 65 and 66 in good yields
(Scheme 30). Under fluoride activation, the silanol is revealed
from the benzyl- or 2-thienylsilane,> and the cross-coupling
proceeds smoothly with a variety of aryl iodides in good yields.
The 2-thienyl group in 66a is needed to suppress benzyl group
migration in couplings of 65 in which R! is an electron-
withdrawing group (e.g., nitrile, ester).>>® The 2-thienyl group
survives the initial Brgnsted base-promoted cross-coupling and
provides the desired coupling product, e.g., 67¢, upon treatment
with TBAF without the undesired migration.

Application Stage II: More Ambitious Targets

The use of silanolate cross-coupling reactions in target-
oriented synthesis is intended to highlight the usefulness of the
process where fluoride activation (and, indeed, other cross-
coupling modes) would most likely fail. All of these features
were illustrated in the total synthesis of the antifungal agent
(+)-papulacandin D (Scheme 31).°® Retrosynthetic analysis
identified the formation of the C-arylglycoside bond as a critical
strategic disconnection in the synthesis. Previous studies had
demonstrated the feasibility of cross-coupling of 2-pyranylsil-
anols (Scheme 10),%° but a fluoride-promoted coupling was
clearly incompatible with the silylated glucal intermediate 68.
Moreover, the desired cross-coupling reaction is very challeng-
ing because the aromatic iodide is both electron rich and 2,6-
disubstituted. Fortunately, the use of NaO-#-Bu (2.0 equiv) and

81%, X = Cl

Bn
86%, X =ClI

Pd,(dba);*CHCIl; (5 mol %) with an equal molar ratio of 68
and 69 in toluene at 50 °C provides the desired (1-aryl)hex-
enopyranose 70 in 82% yield. In this single transformation, the
entire carbon skeleton of the spiroketal portion of (+)-
papulacandin D was assembled. The mildness of this method
is highlighted by the compatibility of the sodium silanolate of
68 with different silicon protecting groups.

The synthetic utility of the tandem silicon-based cross-
coupling process is illustrated in the total synthesis of the
polyene macrolide RK-397.°” Retrosynthetic analysis revealed
that the polyene chain building block, 71, could be rapidly
constructed through the sequential cross-coupling of 63 (Scheme
32). The first cross-coupling reaction employs the in situ
generated salt Nat63~, which reacts smoothly with the protected
3-iodopropenol to afford 72 in 77% yield. The second cross-
coupling reaction requires in situ unmasking of the benzylsilane
in 72 with TBAF+3H,0, which also promotes the coupling of
the generated silanol with ethyl (E)-iodopropenoate to provide
the tetraene 71 in 79% yield. Standard functional group
manipulations provided the phosphonate building block 71.

Epilogue

This Perspective was written to serve two purposes, one
chemical and one philosophical. The chemical purpose is
fulfilled if the reader has gained an appreciation of the scope,
utility, and practical advantages of silicon-based cross-coupling
reactions, particularly those that employ silanolate salts. The
philosophical purpose is to illustrate, by way of a real life
example, how a program of organic synthetic methodology can
be conceived and executed. Obviously, many different ap-
proaches to this important activity are viable, and hopefully this
forum will allow those alternative views to be described in detail.
Nevertheless, it is hoped that this latter, overarching purpose
has also been fulfilled and that new investigators embarking on
their own journey will find that the case for creative invention
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