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ABSTRACT

Organotrifluoroborates represent an alternative to boronic acids,
boronate esters, and organoboranes for use in Suzuki—Miyaura and
other transition-metal-catalyzed cross-coupling reactions. The
trifluoroborate moiety is stable toward numerous reagents that are
often problematic for other boron species. Consequently, remote
functional groups within the organotrifluoroborates can be ma-
nipulated, while retaining the valuable carbon—boron bond.

Introduction

The Suzuki—Miyaura coupling reaction represents one of
the most important synthetic transformations developed
in the 20th century.! Its use is so pervasive that it is
difficult to find an issue of any journal in synthetic organic
chemistry that does not feature this process in the
construction of organic molecules. As might be imagined,
innumerable improvements on the original protocol have
been recorded. Important contributions include vastly
improved catalyst/ligand systems,? unique solvents (e.g.,
ionic liquids®), and enhanced experimental conditions
(e.g., the use of microwaves?). Curiously, until recently
little effort has been expended toward further develop-
ment of the most important component of the process,
the organoboron reagent itself.’

This is unusual because the organoborons most com-
monly used for Suzuki—Miyaura coupling are far from
ideal. For example, although there are currently over 450
boronic acids available commercially, many of these
reagents are difficult to purify because they are waxy
solids. The situation is complicated by the equilibrium
formation of trimeric cyclic anhydrides (boroxines, eq 1).
This equilibrium has no bearing on the coupling process
per se, but it can influence the reaction stoichiometry.
Thus, it is difficult to determine the concentration of
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boronic acid versus boroxine in a mixture, and currently
no simple assay exists to assess the amount of total
boronic acid available. Consequently, many literature
protocols for cross-coupling employ excess boronic acid
to ensure a complete conversion of the electrophilic
component of the reaction, clearly an inefficient use of
what might be the most precious component of the
reactions.

Boronate esters solve many of these problems, but at
some cost. Pinacol or 2-methyl-2,4-pentanediol® boronate
esters exist as monomeric complexes with defined struc-
tures, thereby aiding precise adjustment of stoichiometry.
However, the added expense of these diols, combined with
a marked decrease in atom economy,” makes them less
appealing.

Organoboranes utilized in cross-coupling reactions,
particularly alkyl-9-borabicyclo[3.1.1] compounds, possess
different limitations. These air-sensitive materials are
difficult to purify and handle and are always prepared and
utilized in situ via hydroboration of appropriate alkenes.
In addition to the inherent restrictions of the hydro-
boration reaction itself (especially chemoselectivity limita-
tions), these reagents are not particularly economical.

Most importantly, all trivalent organoboron species are
susceptible to reactions with important classes of reagents
commonly utilized in organic synthesis (e.g., oxidants,
bases, and nucleophiles). Consequently, these organobo-
rons are normally either purchased or prepared and then
utilized directly in the Suzuki cross-coupling reaction.
Rarely does one find trivalent organoboron reagents
carried through synthetic operations wherein remote
functional groups are transformed, leaving the carbon—
boron bond intact.? This has the obvious effect of limiting
synthetic approaches to target molecules of interest. By
contrast, if more robust organoboron reagents were
available, this would tremendously expand the range of
retrosynthetic pathways using Suzuki coupling reactions
as key transformations in complex molecule synthesis.

Background: Organotrifluoroborates

These factors led us to consider organotrifluoroborates as
possible nucleophilic partners for the Suzuki coupling
reaction. The tetracoordinate nature of the boron in these
complexes, fortified by strong boron—{fluorine bonds, was
anticipated to provide mechanistic inhibition of undesir-
able reactions typical of trivalent organoborons. This, in
turn, would make the organotrifluoroborates essentially
a protected organoboron reagent.

Several years before we entered this area of research,
Vedejs and co-workers described the facile synthesis of
organotrifluoroborates from Y,BR precursors (Y is a het-
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eroatomic group) using KHF, as a convenient, inexpensive
source of fluoride (eq 2).° In principle, a variety of

RBY, + 2KHF, — RBF;K + 2HY + KF 2)

organotrifluoroborates were thus available in one-pot
processes from transmetalation (eq 3) or metalation

1. BOR),

RMgX or RLi RBE,K  (3)

2. KHF,, acetone(aq)

reactions,'? as well as a variety of hydroborating reagents,'!
each possessing unique characteristics in terms of reactiv-
ity and selectivity (Scheme 1).

Furthermore, Genét and co-workers reported the pal-
ladium-catalyzed cross-coupling of a variety of organo-
trifluoroborates with aryldiazonium salts.'? Xia and Chen
followed shortly thereafter with a report on the use of
diaryliodonium salts as electrophilic partners for the
organotrifluoroborates.’®* Curiously, Genét repeatedly
pointed out the enhanced reactivity of aryldiazonium salts
over that of aryl bromides, tosylates, and even iodides,
and thus no one had attempted to develop conditions
under which these latter partners would take part in cross-
coupling reactions.?

Nevertheless, the motivation for pursuing this line of
research was compelling. The organotrifluoroborates were
easily accessed by a variety of one-pot synthetic routes
from readily available, inexpensive starting materials. They
were monomeric, crystalline compounds that were easily
handled and indefinitely stable to moisture and air. They
possessed a relatively low molecular weight, and the
byproducts from cross-coupling would be relatively be-
nign inorganic materials. Finally, they had the potential
to serve as chemically robust surrogates for organoboronic
acids, which would allow manipulation of remote func-
tional groups while retaining the carbon—boron bond for
later employment. The organotrifluoroborates thus had
the capability of increasing convergency and efficiency in
the construction of synthetic targets, changing the para-
digm for retrosynthetic analysis of complex molecule
synthesis involving Suzuki coupling. What remained was
the development of cross-coupling protocols for organic
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Scheme 2. Hydrolysis To Facilitate Transmetalation
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X = halide; Y = OH, F; L = phosphine
halides, a determination of the scope of this process, and
some assessment as to whether the promise of their
toleration of a variety of reagents could be fulfilled.

Development of Cross-Coupling Reactions

Suzuki’s discovery that base was required for successful
cross-coupling of boronic acids, boronate esters, and
organoboranes was also key to the development of condi-
tions for cross-coupling of organotrifluoroborates. The role
of base in Suzuki cross-coupling reactions is to facilitate
the otherwise slow transmetalation step of the catalytic
cycle through a bridging hydroxyl group between the
catalytic palladium center and the boron reagent (Scheme
2).1 Prior to our studies, cross-couplings of organotri-
fluoroborates with aryldiazoniums and diaryliodoniums
had been performed under anhydrous conditions, where
the opportunity to generate the requisite intermediate was
not possible. However, we, and others, determined through
NMR studies that fluoride/hydroxyl exchange on the
organotrifluoroborates was viable,' providing intermedi-
ates that were mechanistically capable of promoting
transmetalation (Scheme 2). This discovery was incorpo-
rated into the development of the cross-coupling proto-
cols, wherein water and a base were viewed as key
components of the reactions. In reality, the trifluoroborate
is a very useful protected form of a boronic acid, eventu-
ally generating intermediates similar to those generated
by boronic acid precursors along the palladium-catalyzed
reaction pathway.

With a greater understanding of the detailed chemical
and physical properties of the organotrifluoroborates in
hand, studies to explore the scope of their application
began in earnest. Perhaps the single most important cross-
coupling process is biaryl synthesis. Enormous efforts had
been expended in the development of this transformation,
but we sought simple economical conditions to perform
the cross-coupling. In fact, we were able to develop
extraordinarily straightforward conditions that worked for
a variety of standard coupling partners. Thus, <0.5 mol
% of Pd(OAc), as the catalyst in refluxing MeOH or H,O
as the solvent using K,COj; as the base generally provided
high yields of the desired products. In addition to being
able to conduct these reactions without the presence of
added ligands, quite surprisingly the reactions were not
sensitive to the air (Figure 1)!'5

As is evident from the few results depicted in Figure 1,
the process is extremely general. Electron-rich aryl halides
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FIGURE 1. Aryl/aryl cross-coupling.

can be employed in the reaction. Electron-poor organo-
trifluoroborates also work well, in contrast to some
protocols involving aryl boronic acids and boronate esters
where homocoupling becomes a competing problem.!®
Similarly, sterically hindered aryltrifluoroborates are not
inhibited from coupling. Aryl triflates can be utilized as
substrates, although they require the addition of Cy;P as
a ligand.'” A variety of heteroaromatic systems can also
be cross-coupled with equal facility.'®

A most impressive demonstration of biaryl synthesis
was disclosed in the preparation of trityrosine.!® The
analogous pinacol boronate gave none of the double
coupling product, while the aryltrifluoroborate afforded
the desired product in 74% overall yield (eq 4).

CbzHN.__CO,Bn

KF;B : I '
30 S A g
BnO HO
[
PdClx(dppf),
KgCOs,
THF/H,0,

A,26h
74%

CszN\_/COZBn

deprotection

HaN.__COH

HO

HO,C O OH
HQNJ ""(NHZ
Ho O CO.H

Trityrosine

As is the case for aryl boronic acids, specialized ligands
may be employed to promote coupling in specific systems.
Of particular note is the use of Buchwald’s S-Phos ligand
for the efficient coupling of a variety of aromatic and
heteroaromatic chlorides, including electron-rich and
sterically hindered substrates (eq 5).2°

Molander and Ellis

O]

Aryltrifluoroborates can also be coupled under a dif-
ferent set of conditions to alkenyl bromides.?! The reaction
is exceedingly general (Figure 2). Sterically hindered
aryltrifluoroborates, electron-deficient arenes, and het-
eroaromatic systems can be coupled efficiently. A variety
of alkenyl bromides can be employed, and the reaction is
completely stereospecific with regard to olefin geometry.

The synthesis of biarylmethanes via cross-coupling
reactions remains a significant challenge. In some pro-
tocols, up to 2 equiv of the arylboron reagent were utilized
to achieve acceptable yields of the cross-coupled product.
By contrast, conditions have been developed whereby a
variety of aryltrifluoroborates can be coupled on an
equimolar basis with benzyl bromide, affording the de-
sired product in excellent yields (Figure 3).%

In addition to aryltrifluoroborates, alkenyltrifluorobo-
rates are also suitable substrates for cross-coupling pro-
cesses, providing a complementary route to conjugated,
unsaturated arenes.? Under the reaction conditions de-
veloped, a variety of functional groups are tolerated within
both the alkenyl trifluoroborate and the aryl halide (Figure
4). Various substitution patterns about the alkene can also
be employed, and the reaction is completely stereospecific
with regard to the olefin geometry.

One of the most important reagents developed thus far
is potassium vinyltrifluoroborate.?* Vinylboronic acid and
some vinylboronate esters are unstable. Although alterna-
tives to these materials have been developed,5*©% the
physical and chemical properties of vinyltrifluoroborate
make it an exceptional vinylating reagent. Easily prepared
on 100—200 g scale as a stable, free-flowing, white
crystalline powder, vinyltrifluoroborate undergoes cou-
pling with a variety of aryl halides and triflates in good to
excellent yields (Figure 5). Under optimized conditions
little or no subsequent Heck chemistry can be detected.

Although the parent vinyltrifluoroborate has been
utilized less frequently in coupling to alkenyl bromides,?*26
the resulting conjugated dienes appear in a variety of
important materials and are key components for the
synthetically important Diels—Alder reaction. In both
capacities, stereoselective syntheses are a necessity, and
cross-coupling approaches are ideal for this application.
The most reliable cross-coupling protocol for alkenyl-
boronic acids and -boronate esters can be traced to the
Kishi synthesis of palytoxin,?” wherein superstoichiometric
amounts of toxic thallium bases were found to be most
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FIGURE 2. Aryl/alkenyl cross-coupling.
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FIGURE 3. Aryl/benzyl cross-coupling.
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FIGURE 4. Alkenyl/aryl cross-coupling.

effective.? By contrast, we determined that a simple and
reliable protocol could be employed that was effective for
the construction of all geometric isomers of conjugated
dienes (Figure 6).2° The reaction is general for a variety of
alkenyl bromide substitution patterns, as well as alkenyl-
trifluoroborates (Figure 7).
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FIGURE 5. Vinyl cross-coupling.
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FIGURE 6. Stereospecific alkenyl/alkenyl coupling.
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FIGURE 7. Alkenyl/alkenyl cross-coupling.

Inevitably during the course of complex molecule
synthesis, vulnerable functional groups must be protected.
Arguably the most useful protecting groups for alcohols
are silyl ethers, which are easily removed by a variety of
fluoride sources. To our surprise and delight, silyl ethers
remained intact during the cross-coupling process, despite
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FIGURE 8. Toleration of silyl protecting groups.

the obvious source of fluoride within the reaction mixture
(Figure 8).

This finding implied that organotrifluoroborate cross-
coupling reactions could be employed for the construction
of polyfunctional natural products. We took advantage of
this for the construction of oximidine II, a salicylate
enamide macrolide. In one approach, an alkenyl tri-
fluoroborate reacted with the dienyl bromide to afford the
elaborated triene (eq 6). In another approach, an alkyne

N TIO,
0”0
6
o OTBDMS ®)
.
HO |
Br
. _

BF;

Pd(OAC),, 2PPh,
Cs,CO;, LiCl

THF/H,0
DA

95%

TBDMSO ~ OH

was selectively hydroborated with the Snieckus reagent,''?
and the resulting organoborane was converted in situ to
the corresponding alkenyl trifluoroborate. The crude
material, a free-flowing powder, was subjected to high-
dilution macrocyclization, leading to a 42% overall yield
of the macrolactone (eq 7).3° This example highlights

OBn 1.

TBDMSO O THE o?c
o OMOM ’
2. CHy0 (aq)
S XXy, 3. KHF,, acetone/MeCN/H,0
A 4. Pd(PPhy),, Cs,CO5 THF/H,0

Br
42% overall

several advantages of the organotrifluoroborates. First,
they have an incredibly high propensity to crystallize, even
when incorporated within relatively large molecules.
Second, they tolerate a diverse array of functional groups
and protecting groups. Finally, the synthesis of the mac-

1. Pd{PPhs),
Br  CsyCO5
1
R IXT Tol./H,0 i
r 60-80°C,5h = R
' R = -
ey

+

~.__R? 2.R®BFK
KF3B™ 8

S ~~ -~
= ST

OPiv

‘CO:Me

86%,9.7:1E:2

87%, 167 :1E: 2
FIGURE 9. One-pot synthesis of stereodefined trisubstituted alkenes.

rolactone attests to the robust nature of the coupling
reaction itself. Although macrolactones are normally
thought of as highly fluxional molecules, the oximidine
macrolactone possesses nine contiguous sp? centers and
thus is highly constrained. That a Suzuki coupling ap-
proach could be utilized to prepare such an exceedingly
strained system is a testament to the effectiveness and
reliability of the coupling process in demanding situations.

Other aspects of conjugated diene synthesis have been
explored within the context of organotrifluoroborate
chemistry. For example, a synthesis of conjugated, trisub-
stituted dienes has been developed based upon the
Negishi strategy.3! Thus, 1,1-dibromoalkenes are coupled
in a one-pot process first with an alkenyltrifluoroborate
and then with an alkyltrifluoroborate, creating the elabo-
rated diene system (Figure 9).32 The reaction is highly
stereoselective when the dibromoalkene possesses sub-
stitution at the allylic position and is also tolerant of a
diverse array of functional groups. It has advantages over
the Negishi protocol in that the organotrifluoroborates can
be prepared and stored, facilitating diversity-oriented
synthesis. Additionally, the procedure can be carried out
in a single reaction flask without isolation of any inter-
mediates.

Curiously, simple alkyltrifluoroborates such as methyl-
and ethyltrifluoroborates do not react under the protocol
designed for more highly elaborate analogues. However,
they do succumb to the reaction by simply recharging the
flask with a second catalyst. In this manner, several differ-
ent conjugated dienes could be prepared (Figure 10).3

Historically, cross-couplings with alkylmetallic reagents
have proven problematic because of the propensity of the

VOL. 40, NO. 4, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 219



Organotrifluoroborates Molander and Ellis

s - T
B+ KFBTX™T"TCo Me
Pd(PPhg)s,
Cs2C04
Tol./H;0, 60 "C
RBF:K
PdCl;(dppf)-CH,Cl;
CsC03, 90 °C
= \Ql‘_//\“\_//\x
She
R % Isolated Yield
Me 84
Et 92
H-C=CH{CH.), 83

FIGURE 10. Modified synthesis of trisubstituted alkenes.
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FIGURE 11. Alkyl/aryl cross-coupling.

organopalladium intermediates to undergo A-hydride
elimination. With the advent of new more effective
ligands, this problem has largely been eliminated. Owing
to their ease of preparation and storage and favorable
physical properties, organotrifluoroborates provide useful
alternatives to organozincs and other organoborons in
alkyl coupling reactions. As demonstrated in Figure 11, a
number of alkyl/aryl coupling partners can be employed
for the synthesis of arenes.® For example, MeBF;K is an
exceptional reagent for cross-coupling, because it can be
readily prepared on large scale (>100 g), stored, and used
to incorporate methyl substituents onto a variety of
aromatic rings. Long chain alkyltrifluoroborates can also
be employed. An advantage of the organotrifluoroborate
approach to cross-coupling reveals itself here, in that nitro
groups are tolerated, whereas this functional group is
sometimes reduced when organoborane cross-coupling
reactions are carried out.3 Finally, diarylmethanes can
also be prepared utilizing benzyltrifluoroborates, in a
manner complementary to the approach discussed above
(Figure 3).

In an analogous manner, alkyltrifluoroborates can be
coupled to alkenyl halides and triflates (Figure 12).35 The
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FIGURE 12. Alkyl/alkenyl cross-coupling.

reaction conditions are tolerant of a variety of functional
groups, and a diverse array of substitution patterns can
be accessed in a completely stereospecific manner.

The only secondary alkyltrifluoroborates that have been
coupled thus far are cyclopropyltrifluoroborates (eq 8).3°

CH,Ph
Tol./H,0
+ (8)
p-AcCgH,Br K3PO4*3H,0
A (0]
91%

These species undergo high-yielding cross-coupling with
aryl bromide electrophiles. The enhanced s character of
the carbon—boron bond is undoubtedly responsible for
this success. These cross-coupling reactions are com-
pletely stereospecific, occurring with retention of config-
uration.

Alkynyltrifluoroborates can also be prepared as stable
solids and take part in cross-coupling reactions with aryl
bromides and triflates, as well as activated aryl chlorides
(egs 9—11).%7 These reactions demonstrate high tolerance
of functional groups in the electrophile and can proceed
with extremely low catalyst loading (0.05 mol %).

In related chemistry, Kabalka and co-workers revealed
that 1,1-dibromoalkenes react with 2 equiv of alkynyltri-
fluoroborates to provide conjugated enediynes (eq 12).%8
The method provides a useful alternative to the less
effective Sonogashira and other protocols for the con-
struction of these compounds.

In addition to these “standard” coupling protocols, a
number of innovative and useful variants of the cross-
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coupling have been reported. With regard to the nature
of the organotrifluoroborate, Batey and Quach have
revealed that a cation exchange of potassium organotri-
fluoroborates with BusNOH leads to the formation of
tetrabutylammonium organotrifluoroborates.'>> These ma-
terials are soluble in organic media and also undergo
efficient cross-coupling.

The electrophilic partner in the cross-coupling has also
been the subject of significant investigation. Stefani and
co-workers explored the use of aryl and alkenyl tellurides
as partners for the organotrifluoroborates. Enol tosylates
have proven to be viable electrophilic partners as well.*?
Finally, diverse methods have been utilized to enhance
the reactivity of organotrifluoroborates in cross-coupling
transformations. In addition to Buchwald’s S-Phos ligand
discussed above,?® bis(thiourea) ligands utilized under
aerobic conditions have been touted as possessing high
activity when coupled with activated aryl bromides,*" and
palladium on activated carbon has been employed in
biaryl synthesis using water as the solvent.*? Additionally,
microwave**3 and ultrasound** technologies have en-
hanced the organotrifluoroborate cross-coupling process
with great success.

In a relatively brief time frame, the organotrifluorobo-
rates have proven to be extremely versatile in their ability
to partake in cross-coupling transformations. In the
fullness of time, it would appear that they will be at least
as competent as, and in some instances superior to, other
organoboron reagents in terms of their ability to undergo
cross-coupling with a variety of suitable electrophilic
partners. They have already seen application in areas as
diverse as nonlinear optical materials*® and porphyrin
synthesis.¢ As stated earlier, factors that set them apart
include their desirable physical and chemical properties
that make them easy to prepare, isolate, store, and utilize.
What makes the organotrifluoroborates unique, however,
is their ability to serve as protected boronic acids. This

feature has the possibility to make them transformational
in terms of their use in multistep organic synthesis.

Organotrifluorohorates: Protected Boronic
Acid Equivalents

In multistep syntheses of complex molecules, vulnerable
functional groups must often be protected to prevent
them from undergoing undesired transformations while
synthetic operations are conducted elsewhere in the
molecule. Alcohols, amines, and all types of carbonyl
compounds can claim a bevy of protecting groups, each
with unique characteristics and sensitivities that can be
installed easily and removed under specified conditions.

For reactive organometallics, the concept of protecting
groups is much less well developed and in most cases
inconceivable. In the cross-coupling arena, only organosi-
lanes and organostannanes have been routinely carried
through multiple synthetic steps prior to cross-coupling.
Although organosilanes provide extraordinary possibilities
as cross-coupling reagents,?” to date they have proven to
be much less versatile than other organometallics. Orga-
nostannanes (Stille couplings*®) are losing favor because
of their perceived toxicity, combined with the difficulty
of removing tin-containing byproducts from the cross-
coupled product. Consequently, the opportunity to de-
velop protected organoborons that are able to be installed
into an organic molecule and carried through a variety of
synthetic operations is quite compelling.

As Bronsted acids, boronic acids react readily with a
variety of bases and nucleophiles. The Lewis acidic
boronate esters are less susceptible in this regard but still
have vulnerabilities. Both sets of reagents are electron
deficient and relatively easily oxidized. Because many
organic functional group transformations involve bases,
nucleophiles, and oxidants, our initial efforts have been
focused in this area to demonstrate that organotrifluo-
roborates can be subjected with impunity to such treat-
ment, remaining intact for further manipulations.

An interesting line of research within this manifold has
led to the construction of more highly functionalized
organotrifluoroborates with many potential subsequent
applications. Thus, metal—halogen exchange of dibromo-
or diiodomethane with butyllithium in the presence of
B(Oi-Pr); and then KHF, leads, in high yields, to the
corresponding halomethyltrifluoroborates (Figure 13).4°
These stable, free-flowing solids can be treated with a
number of nucleophiles, providing more highly elaborated
organotrifluoroborates that in many cases cannot be made
readily by either hydroboration or transmetalation ap-
proaches.

Many of these new materials possess novel reactivities,
but we chose first to examine the chemistry of azido-
methyltrifluoroborate (N3CH,BF;K). This material under-
goes copper-catalyzed 1,3-dipolar cycloaddition with
alkynes to afford the corresponding triazolomethyltri-
fluoroborates (Figure 14).5° Any number of functionalized
terminal alkynes can take part in this reaction, with
exceptional outcomes.

VOL. 40, NO. 4, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 281



Organotrifluoroborates Molander and Ellis

BrCH,Br 1 BIOLP
L2 THE_ 1 BOPPs  pron,BR.k

nBuli  -78°G 2. KHF., acetone 88%

IE!rCHaBFSK + Nu——= NuCH,BFsK I

CN
N;_BFK NC._BFK
s-BFd AR A BFK
96% 98% 91%
G\lvsak @MORJ BFsK
3
95% 882

o~ _-BF3K

83%
FIGURE 13. Synthesis and typical reactions of potassium bromo-
methyltrifluoroborate.
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FIGURE 14. “Click” chemistry of potassium azidomethyltrifluoro-
borate.
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FIGURE 15. 1,3-Dipolar cycloadditions.

One is not restricted to N3CH,BF;K as a “click chem-
istry” precursor. It seems that any Sy2-reactive, halide-
containing organotrifluoroborate can take part in a related
one-pot, three-component reaction, leading to a different
family of triazolotrifluoroborates in which the boron
substituent remains intact (Figure 15).

Finally, another substitution pattern of triazolotri-
fluoroborates can be obtained by incorporating the tri-
fluoroborate into the alkyne instead of the azide compo-
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FIGURE 16. One-pot, three-component couplings.
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FIGURE 17. Metal—halogen exchange of p-bromophenyltri-
fluoroborate.

nent of the reaction (Figure 16). In this manner, small
libraries of compounds can be created rapidly and ef-
ficiently, with further diversification possible upon cross-
coupling of the organotrifluoroborate.

Metal—halogen exchange reactions can also be carried
out while leaving the trifluoroborate intact.>! In doing so,
a reactive nucleophile is generated in the presence of the
boron moiety and reacted with a variety of electrophiles
(Figure 17). This reactivity is distinct from the chemistry
developed by Knochel on the corresponding pinacol
boronates using dialkylmagnesium reagents.>?

One of the most glaring limitations of organoborons is
their susceptibility to oxidation. This, combined with the
intolerance of most carbonyl functionalities to transmet-
alation protocols and hydroboration reactions, makes
aldehydes and ketones difficult to introduce into organo-
borons without some type of protection scheme. By
contrast, organotrifluoroborates are exceptionally resistant
to a number of oxidants, allowing facile conversion of
alcohols to aldehydes and ketones (Figure 18).5 Batey’s
ion exchange was used in these oxidations to generate
tetrabutylammonium trifluoroborates,'®® permitting the
reactions to be conducted homogeneously in CH,Cl,.
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FIGURE 18. Oxidation of hydroxy organotrifluoroborates.
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FIGURE 19. Epoxidation of unsaturated potassium organotrifluo-
roborates.
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FIGURE 20. Dihydroxylation reactions.

The tetra-n-propylammonium perrhuthenate (TPAP)
protocol has been used to oxidize primary and secondary
alcohols of aryltrifluoroborates (eqs 13 and 14), and
hydroxyalkyl alkenyltrifluoroborates can be converted to
the corresponding aldehydes as well (eq 15).

1 mol% TPAP

1.1 equiv NMO CHO
OH (13)
4AMs
BF, NBu, CH,Cl, BF, NBu,
97%
1 mol% TPAP
OH 1.1 equiv NMO (@)
(14)
4A MS
BF3 NBu, CH.Cl, BF3 NBuy,
92%
OH 2 mol% TPAP  OHC
1.1 equiv NMO
(15)
4AMs
CH,Cl, N\
) 8% BuNF.B
BuN F,B UaN Fa

In addition to TPAP, Dess—Martin, and Swern protocols
for carbonyl synthesis, 0-iodoxybenzoic acid (IBX) can also
be employed for the oxidation of alcohols in the presence
of the trifluoroborate moiety. The procedure appears to
be reasonably general for diverse substitution patterns
(eqs 16 and 17).

OH 1)

3 equiv IBX

—— (16)

acetone, A

KF3B 92%, KF3;B

OH o
3 equiv IBX

acetone, A
BF;K 88% BF3K

Epoxides are useful as synthetic intermediates, but
methods for their introduction into organic molecules are
nearly mutually exclusive to reaction conditions tolerated
by trivalent organoborons. Epoxides can be introduced
readily into unsaturated organotrifluoroborates employing
dimethyl dioxirane as the oxidant (Figure 19).>* The
epoxyalkyltrifluoroborates created can undergo cross-
coupling with aromatic halides. When 10:1 THF/H,O is
utilized as the solvent, the coupling occurs concurrently
with epoxide ring opening. When 40:1 THF/H,0 is em-
ployed, the coupling can be achieved while retaining the
epoxide moiety.

Similarly, alkenyltrifluoroborates can be oxidized using
the “Upjohn process”, affording a variety of dihydroxy
organotrifluoroborates (Figure 20).5° These more highly
elaborated organotrifluoroborates are also excellent sub-
strates for cross-coupling reactions with aryl and alkenyl
halides (eqs 18—20).

It was recently disclosed that organotrifluoroborates
bearing aldehyde and ketone functional groups can
undergo alkenation reactions employing several different
protocols. Simple Wittig alkenation takes place efficiently,
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OH

HO (20)

{

generating predominantly (Z)-alkenylated trifluoroborates
(Figure 21).56

Stabilized ylides work equally efficiently, affording func-
tionalized (E) unsaturated aryltrifluoroborates (Figure 22).

Horner—Wadsworth—Emmons (HWE) conditions can
be applied to appropriately functionalized organotrifluo-
roborates, adding molecular complexity stereoselectively
to readily available starting materials (Figure 23). The
Batey ion exchange protocol was employed as a workup
procedure to facilitate purification and isolation of the
desired products.

o]

KF3BAr™ ~H
THFDMF = oN

-78°Ctort  ArBRK

CC Oy I
~FBE, KF,B7 ™~
3 |

82%, 28 :1

80%, 27 :1 NG

MeO” ) )
BF:K  CN L7

S
79%, 35: 1 75%, 35 : 1
FIGURE 21. Wittig reactions of organotrifluoroborates.
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FIGURE 22. Alkenation with stabilized ylides.
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FIGURE 23. HWE reactions of organotrifluoroborates.

Research continues in this arena, which promises to
provide new opportunities for the elaboration of diverse
functional groups in the presence of the organotrifluorobor-
ate moiety. Unique strategies for the construction of organ-
ic molecules will be developed, and organotrifluoroborates
will assume a useful niche among the stable of organo-
metallics capable of undergoing cross-coupling reactions.

We are indebted to our talented co-workers who contributed
enormously to this program. Without their intellectual input,
enthusiasm, diligence, and experimental acumen, the advances
outlined in this Account would not have been possible. We
acknowledge the NIH (Grant GM 35249), Johnson & Johnson,
Amgen, Merck Research Laboratories, Johnson Matthey, and
Frontier Scientific for support.

References

(1) (a) Negishi, E. A. Handbook of Organopalladium Chemistry for
Organic Synthesis; Wiley-Interscience: New York, 2002. (b)
Miyaura, N. Cross-Coupling Reactions: A Practical Guide;
Springer: New York, 2002. (¢) Suzuki, A.; Brown, H. C. Organic
Synthesis via Boranes; Aldrich Chemical Co.: Milwaukee, WI,
2002; Vol. 3.

(2) (a) Fu, G. C.; Littke, A. F.; Dai, C. Versatile Catalysts for the Suzuki
Cross-Coupling of Arylboronic Acids with Aryl and Vinyl Halides
and Triflates under Mild Conditions. J. Am. Chem. Soc. 2000, 122,
4020—4028. (b) Buchwald, S. L.; Barder, T. E.; Walker, S. D.;
Martinelli, J. R. Catalysts for Suzuki—Miyaura Coupling Pro-
cesses: Scope and Studies of the Effect of Ligand Structure. J.
Am. Chem. Soc. 2005, 127, 4685—4696. (c) Nolan, S. P.; Marion,
N.; Navarro, O.; Mei, J.; Stevens, E. D.; Scott, N. M. Modified
(NHC)Pd(allyl)Cl (NHC = N-Heterocyclic Carbene) Complexes for
Room-Temperature Suzuki—Miyaura and Buchwald—Hartwig Re-
actions. J. Am. Chem. Soc. 2006, 128, 4101—4111.

(3) Dupont, J.; De Souza, R. F.; Suarez, P. A. Z. lonic Liquid (Molten
Salt) Phase Organometallic Catalysis. Chem. Rev. 2002, 102,
3667—3692.



(4)

g

)

3

(8

(9

(10)

(11)

3
)

(13)

(14)

(15)

(16)

(17)

(18)

Organotrifluoroborates Molander and Ellis

Leadbeater, N. E.; Arvela, R. K.; Mack, T. L.; Kormos, C. M.
Microwave-Promoted Suzuki Coupling Reactions with Organo-
trifluoroborates in Water Using Ultra-Low Catalyst Loadings.
Tetrahedron Lett. 2006, 2, 217—220.

Soderquist, J. A.; Leon, G. The Efficient Stereoselective Synthesis
of Z-Vinylsilanes Through the Suzuki-Miyaura Coupling of Z-(o-
Silylvinyl)borinates. Tetrahedron Lett. 1998, 23, 3989—3990.

(a) Lightfoot, A. P.; Twiddle, S. J. R.; Whiting, A. A Stereoselective
Synthesis of 1,6-Diphenyl-1,3,5-Hexatrienes Utilising 4,4,6-Tri-
methyl-2-vinyl-1,3,2-dioxaborinane as a Two-Carbon Alkenyl
Building Block. Org. Biomol. Chem. 2005, 3, 3167—3172. (b)
Lightfoot, A. P.; Maw, G.; Thirsk, C.; Twiddle, S. J. R.; Whiting, A.
4,4,6-Trimethyl-2-vinyl-1,3,2-dioxaborinane: A Superior 2-Carbon
Building Block for Vinylboronate Heck Couplings. Tetrahedron
Lett. 2003, 44, 7645—7648. (c) Lightfoot, A. P.; Twiddle, S. J. R.;
Whiting, A. 4,4,6-Trimethyl-2-vinyl-1,3,2-dioxaborinane: An Ef-
ficient and Selective 2-Carbon Building Block for Vinylboronate
Suzuki-Miyaura Coupling Reactions. Synlett 2005, 529—531.
Trost, B. M. The Atom Economy- A Search For Synthetic Ef-
ficiency. Science 1991, 254, 1471-1477.

Sulikowski, G. A. Development of an End-game Strategy Towards
Apoptolidin: A Sequential Suzuki Coupling Approach. Tetrahe-
dron 2005, 61, 401—408.

Vedejs, E.; Chapman, R. W.; Fields, S. C.; Lin, S.; Schrimpf, M. R.
Conversion of Arylboronic Acids into Potassium Aryltrifluorobo-
rates: Convenient Precursors of Arylboron Difluoride Lewis Acids.
J. Org. Chem. 1995, 60, 3020—3027.

Hartwig, J. F.; Lawrence, J. D.; Takahashi, M.; Bae, C. Regiospecific
Functionalization of Methyl C—H Bonds of Alkyl Groups in
Reagents with Heteroatom Functionality. J. Am. Chem. Soc. 2004,
126, 15334—15335.

(a) Snieckus, V.; Kalinin, A. V.; Scherer, S. Di(isopropylprenyl)-
borane: A New Hydroboration Reagent for the Synthesis of Alkyl
and Alkenyl Boronic Acids. Angew. Chem., Int. Ed. 2003, 42,
3399-3404. (b) Vedejs, E.; Clay, J. M. Hydroboration with Pyridine
Borane at Room Temperature. J. Am. Chem. Soc. 2005, 127,
5766—5767. (c) Miyaura, N.; Ohmura, T.; Yamamoto, Y. Rhodium-
or Iridium-Catalyzed trans-Hydroboration of Terminal Alkynes,
Giving (2)-1-Alkenylboron Compounds. J. Am. Chem. Soc. 2000,
122, 4990—4991. (d) Miyaura, N.; Yamamoto, Y.; Fujikawa, R.;
Umemoto, T. Iridium-Catalyzed Hydroboration of Alkenes with
Pinacolborane. Tetrahedron 2004, 60, 10695—10700.

Genét, J-P.; Darses, S.; Brayer, J-L.; Demoute, J-P. Cross-Coupling
Reactions of Arenediazonium Tetrafluoroborates with Potassium
Aryl- or Alkenyltrifluoroborates Catalyzed by Palladium. Tetra-
hedron Lett. 1997, 25, 4393—4396.

Xia, M.; Chen, X.-C. Hypervalent lodine in Synthesis XXXIII:
Palladium Catalyzed Cross-Coupling Reaction of Potassium Aryl-
trifluoroborates with Diaryliodonium Salts and Hydroxyl(tosy-
loxy)iodobenzene. Synth. Commun. 1999, 29, 2457—2465.
Braga, A. C. C.; Morgon, N. H.; Ujaque, G.; Maseras, F. Compu-
tational Characterization of the Role of the Base in the Suzuki—
Miyaura Cross-Coupling Reaction. J. Am. Chem. Soc. 2005, 127,
9298-9307.

(a) Molander, G. A.; Biolatto, B. Palladium-Catalyzed Suzuki—
Miyaura Cross-Couping Reactions of Potassium Aryl- and Het-
eroaryltrifluoroborates. J. Org. Chem. 2003, 68, 4302—4314. (b)
Batey, R. A.; Quach, T. D. Synthesis and Cross-Coupling Reactions
of Tetraalkylammonium Organotrifluoroborate Salts. Tetrahedron
Lett. 2002, 42, 9099—-9103. (c) Batey, R. A.; Thadani, A. N. A Mild
Protocol for Allylation and Highly Diastereoselective Syn or Anti
Crotylation of Aldehydes in Biphasic and Aqueous Media Utilizing
Potassium Allyl- and Crotyltrifluoroborates. Org. Lett. 2002, 4,
3827-3830. (d) Hutton, C. A.; Yuen, A. K. L. Deprotection of
Pinacolyl Boronate Esters Via Hydrolysis of Intermediate Potas-
sium Trifluoroborates. Tetrahedron Lett. 2005, 46, 7899—7903.
Moreno-Manas, M.; Pérez, M.; Pleixats, R. Palladium-Catalyzed
Suzuki-Type-Coupling of Arylboronic Acids. A Mechanistic Study.
J. Org. Chem. 1996, 61, 2346—2351.

Molander, G. A,; Petrillo, D. E.; Landzberg, N. R.; Rohanna, J. C.;
Biolatto, B. Palladium-Catalyzed Suzuki-Miyaura Reactions of
Potassium Aryl- and Heteroaryltrifluoroborates with Aryl- and
Heteroaryl Triflates. Synlett 2005, 1763—1766.

(a) Christoforou, I. C.; Koutentis, P. A.; Rees, C. W. Regiospecific
Suzuki Coupling of 3,5-Dichloroisothiazole-4-carbonitrile. Org.
Biomol. Chem. 2003, 1, 2900—2907. (b) Kudo, N.; Perseghini, M.;
Fu, G. C. A Versatile Method for Suzuki Cross-Coupling Reactions
of Nitrogen Heterocycles. Angew. Chem., Int. Ed. 2006, 45, 1282—
1284.

Skaff, O.; Jollioffe, K. A.; Hutton, C. A. Synthesis of the Side Chain
Cross-Linked Tyrosine Oligomers Dityrosine, Trityrosine, and
Pucherosine. J. Org. Chem. 2005, 70, 7353—7363.

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38

(39)

Barder, T. E.; Buchwald, S. L. Efficient Catalyst for the Suzuki—
Miyaura Coupling of Potassium Aryl Trifluoroborates with Aryl
Chlorides. Org. Lett. 2004, 6, 2649—2652.

Molander, G. A.; Fumagalli, T. Palladium(0)-Catalyzed Suzuki—
Miyaura Cross-Coupling Reactions of Potassium Aryl- and Het-
eroaryltrifluoroborates with Alkenyl Bromides. J. Org. Chem.
2006, 71, 5743—5747.

Molander, G. A.; Elia, M. Suzuki—Miyaura Cross-Coupling Reac-
tions of Benzyl Halides with Potassium Aryltrifluoroborates. J.
Org. Chem. 2006, 71, 9198—9202.

(a) Molander, G. A.; Bernardi, C. Suzuki—Miyaura Cross-Coupling
Reaction of Potassium Alkenyltrifluoroborates. J. Org. Chem.
2002, 67, 8416—8423. (b) Garcia-Fortanet, J.; Debergh, J. R.; De
Brabander, J. K. A Photochemical Entry to Depsides: Synthesis
of Guststin. Org. Lett. 2005, 7, 685—688.

(a) Molander, G. A.; Rodriguez-Rivero, M. Suzuki Cross-Coupling
Reactions of Potassium Alkenyltrifluoroborates. Org. Lett. 2002,
4,107-109. (b) Molander, G. A.; Brown, A. Suzuki—Miyaura Cross-
Coupling Reactions of Potassium Vinyltrifluoroborate with Aryl
and Heteroaryl Electrophiles. J. Org. Chem. 2006, 71, 9681—9686.
(c) Darses, S.; Michaud, G.; Genét, J-P. Potassium Vinyltrifluo-
roborate: A Stable and Efficient Vinylating Agent of Arenedia-
zonium Salts Using Palladium Catalysts. Tetrahedron Lett. 1998,
39, 5045—-5048. (d) Grisorio, R.; Mastrorilli, P.; Nobile, C. F.;
Romanazzi, G.; Suranna, G. P. A Novel Synthetic Protocol for Poly-
(fluorenylenevinylene)s: A Cascade Suzuki-Heck Reaction. Tet-
rahedron Lett. 2005, 46, 2555—2558.

O’Shea, D. F.; McKinley, N. F. Efficient Synthesis of Aryl Vinyl
Ethers Exploiting 2,4,6-Trivinylcyclotriboroxane as a Vinylboronic
Acid Equivalent. J. Org. Chem. 2004, 69, 5087—5092.

Toyota, M.; Asano, T.; lhara, M. Total Synthesis of Serofendic
Acids A and B Employing Tin-Free Homoallyl-Homoallyl Radical
Rearrangement. Org. Lett. 2005, 7, 3929—3932.

Kishi, Y.; Armstrong, R. W.; Beau, J-P.; Cheon, S. H.; Christ, W.
J.; Fujioka, H.; Ham, W.-H.; Hawkins, L. D.; Jin, H.; Kang, S. H.
Total Synthesis of a Fully Protected Palytoxin Carboxylic Acid. J.
Am. Chem. Soc. 1989, 111, 7525—7530.

Roush, W. R.; Scheidt, K. A.; Bannister, T. D.; Tasaka, A.; Wendt,
M. D.; Savall, B. M.; Fegley, G. J. Total Synthesis of (—)-
Bafilomycin As. J. Am. Chem. Soc. 2002, 124, 6981—6990.
Molander, G. A.; Felix, L. A. Stereoselective Suzuki—Miyaura
Cross-Coupling Reactions of Potassium Alkenyltrifluoroborates
with Alkenyl Bromides. J. Org. Chem. 2005, 70, 3950—3956.
Molander, G. A.; Dehmel, F. Formal Total Synthesis of Oximidine
Il via a Suzuki-Type Cross-Coupling Macrocyclization Employing
Potassium Organotrifluoroborates. J. Am. Chem. Soc. 2004, 126,
10313—-10318.

Negishi, E.; Shi, J.; Zeng, X. Highly Selective Synthesis of (E)-3-
Methyl-1-trialkylsilyl-3-en-1-ynes via trans-Selective Alkynylation
Catalyzed by Cl,Pd(DPEphos) and Stereospecific Methylation with
Methylzincs Catalyzed by Pd(‘BusP),. Org. Lett. 2003, 5, 1825—
1828.

Molander, G. A.; Yokoyama, Y. One-Pot Synthesis of Trisubsti-
tuted Conjugated Dienes via Sequential Suzuki—Miyaura Cross-
Coupling with Alkenyl- and Alkyltrifluoroborates. J. Org. Chem.
2006, 71, 2493—2498.

(a) Molander, G. A.; Ito, T. Cross-Coupling Reactions of Potassium
Alkyltrifluoroborates with Aryl and Alkenyl Trifluoromethane-
sulfonates. Org. Lett. 2001, 3, 393—396. (b) Molander, G. A.; Yun,
C.-S.; Ribagorda, M.; Biolatto, B. B-Alkyl Suzuki—Miyaura Cross-
Coupling Reactions with Air-Stable Potassium Alkyltrifluorobo-
rates. J. Org. Chem. 2003, 68, 5534—5539.

Suzuki, A.; Miyaura, N.; Oh-e, T. Palladium Catalyzed Cross-
Coupling Reaction of Aryl or Vinylic Triflates with Organoboron
Compounds. Synlett 1990, 4, 221—-223.

Molander, G. A.; Ham, J.; Seapy, D. G. Palladium-Catalyzed Cross-
Coupling Reaction of Alkenyl Bromides with Potassium Alkyltri-
fluoroborates. Tetrahedron 2007, 63, 768—775.

Fang, G.-H.; Yan, Z.-J.; Deng, M.-Z. Palladium-Catalyzed Cross-
Coupling of Stereospecific Potassium Cyclopropyl Trifluorobo-
rates with Aryl Bromides. Org. Lett. 2004, 6, 357—360.
Molander, G. A.; Katona, B. W.; Machrouhi, F. Development of
the Suzuki—Miyaura Cross-Coupling Reaction: Use of Air-Stable
Potassium Alkynyltrifluoroborates in Aryl Alkynylations. J. Org.
Chem. 2002, 67, 8416—8423.

Kabalka, G. W.; Dong, G.; Venkataiah, B. Synthesis of Conjugated
Enediynes via Palladium Catalyzed Cross-Coupling Reactions of
Potassium Alkynyltrifluoroborates. Tetrahedron Lett. 2005, 46,
763-765.

(a) Stefani, H. A.; Cella, R.; Dorr, F. A.; Pereira, C. M. P.; Zeni, G.;
Gomes, M., Jr. Synthesis of 1,3-Enynes via Suzuki-Type Reaction
of Vinylic Tellurides and Potssium Alkynyltrifluoroborate Salts.

VOL. 40, NO. 4, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 285



(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

Organotrifluoroborates Molander and Ellis

Tetrahedron Lett. 2005, 46, 563—567. (b) Cella, R.; Cunha, R. L. O.
R.; Reis, A. E. S.; Pimenta, D. C.; Klitzke, C. F.; Stefani, H. A.
Suzuki—Miyaura Cross-Coupling Reactions of Aryl Tellurides with
Potassium Aryltrifluoroborate Salts. J. Org. Chem. 2006, 71, 244—
250.

(a) Steinhuebel, D.; Baxter, J. M.; Palucki, M.; Davies, I. W. Enol
Tosylates as Viable Partners in Pd-Catalyzed Cross-Coupling
Reactions. J. Org. Chem. 2005, 70, 10124—10127. (b) Wu, J.;
Zhang, L.; Xia, H.-G. Palladium-Catalyzed Suzuki-Miyaura Cou-
plings of Potassium Aryl Trifluoroborates with 4-Tosyloxycou-
marins or 4-Tosyloxyquinolin-2(7H)-one. Tetrahedron Lett. 2006,
47, 15625—1528.

Chen, W,; Li, R.; Han, B.; Li, B.-J.; Chen, Y.-C.; Wu, Y.; Ding, L.-S.;
Yang, D. The Design and Synthesis of Bis(thiourea) Ligands and
Their Application in Pd-Catalyzed Heck and Suzuki Reactions
under Aerobic Conditions. Eur. J. Org. Chem. 2006, 1177—1184.
Lysén, M.; Kohler, K. Palladium on Activated Carbon — A
Recyclable Catalyst for Suzuki-Miyaura Cross-Coupling of Aryl
Chlorides in Water. Synthesis 2006, 692—698.

(a) Kabalka, G. W.; Al-Masum, M. Microwave Enhanced Cross-
Coupling Reactions Involving Potassium Organotrifluoroborates.
Tetrahedron Lett. 2005, 46, 6329—6331. (b) Kabalka, G. W.; Al-
Masum, M.; Mereddy, A. R.; Dadush, E. Microwave Enhanced
Cross-Coupling Reactions Involving Alkenyl- and Alkynyltrifluo-
roborates. Tetrahedron Lett. 2006, 47, 1133—1136.

Cella, R.; Stefani, H. A. Ultrasound-Assisted Synthesis of Z and E
Stilbenes by Suzuki Cross-Coupling Reactions of Organotellurides
with Potassium Organotrifluoroborate Salts. Tetrahedron 2006,
62, 5656—5662.

Armitt, D. J.; Crisp, G. T. The Synthesis of Bis(oligophenylene-
ethylenes): Novel Potential Nonlinear Optical Material. Tetrahe-
dron 2006, 62, 1485—1493.

Tremblay-Morin, J.-P.; Ali, H.; van Lier, J. E. Palladium Catalyzed
Coupling Reactions of Cationic Porphyrins with Organoboranes
(Suzuki) and Alkenes (Heck). Tetrahedron Lett. 2006, 3042—3046.
(a) Hiyama, T.; Hatanaka, Y. A Wide Range of Organosilicon
Compounds Couples with Enol and Aryl Triflates in the Presence
of Pd Catalyst and Fluoride lon. Tetrahedron Lett. 2001, 31, 2719—

286 ACCOUNTS OF CHEMICAL RESEARCH |/ VOL. 40, NO. 4, 2007

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

2722. (b) Denmark, S. E.; Sweis, R. F. Design and Implementation
of New, Silicon-based Cross-coupling Reactions: Importance of
Silicon-Oxygen Bonds. Acc. Chem. Res. 2002, 35, 835—846. (c)
Mowery, M. E.; DeShong, P. Cross-Coupling Reactions of Hyper-
valent Siloxane Derivatives: An Alternative to Stille and Suzuki
Couplings. J. Org. Chem. 1999, 64, 1684—1688.

Scott, W. J.; Farina, V.; Krishnamurthy, V. Organic Reactions;
Wiley: New York, 1997; Vol. 50, Chapter 1.

Molander, G. A.; Ham, J. Synthesis of Functionalized Organotri-
fluoroborates via Halomethyltrifluoroborates. Org. Lett. 2006, 8,
2031—-2034.

Molander, G. A.; Ham, J. Synthesis of Functionalized Organotri-
fluoroborates via the 1,3-Dipolar Cycloaddition of Azides. Org.
Lett. 2006, 8, 2767—2770.

Molander, G. A,; Ellis, N. Linchpin Synthons: Metalation of Aryl
Bromides Bearing a Potassium Trifluoroborate Moiety. J. Org.
Chem. 2006, 71, 7491—7493.

Knochel, P.; Baron, O. Preparation and Selective Reactions of
Mixed Bimetallic Aromatic and Heteroaromatic Boron-Magne-
sium Reagents. Angew. Chem., Int. Ed. 2005, 44, 3133—3135.
Molander, G. A.; Petrillo, D. E. Oxidation of Hydroxyl-Substituted
Organotrifluoroborates. J. Am. Chem. Soc. 2006, 128, 9634—9635.
Molander, G. A.; Ribagorda, M. Expanding Organoboron Chem-
istry. Epoxidation of Potassium Organotrifluoroborates. J. Am.
Chem. Soc. 2003, 125, 11148—11149.

Molander, G. A,; Figueroa, R. cis-Dihydroxylation of Unsaturated
Potassium Alkyl- and Aryltrifluoroborates. Org. Lett. 2006, 8, 75—
78.

Molander, G. A.; Figueroa, R. Synthesis of Unsaturated Organ-
otrifluoroborates via Wittig and Horner—Wadsworth—Emmons
Olefination. J. Org. Chem. 2006, 71, 6135—6140.

AR050199Q





