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GC/MS on the crude reaction mixtures. Stereochemistry determination and
all other experimental procedures are given in the Supporting Information.
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Use of a Perfluoroalkylsulfonyl (PFS) Linker in
a “Traceless” Synthesis of Biaryls through
Suzuki Cleavage

Yijun Pan, Beatrice Ruhland, and
Christopher P. Holmes*

Solid-phase synthesis has attracted increasing attention
from the scientific community and particularly from the
pharmaceutical industry in an effort to speed up drug
discovery.l'l A key component in solid-phase synthesis is the
linker that is used to attach the molecules to the solid support.
There has been significant interest in recent years to develop
“traceless” linkers?! which afford compounds suitable for
biological assays lacking any extraneous functionality that
may limit their usefulness as drug leads.

We recently reported the preparation of a perfluoroalkyl-
sulfonyl (PFS) fluoride resin, 1 (see Scheme 1, in essence a
triflate resin), and its application for the traceless synthesis of
arenes using a palladium-mediated reductive deoxygena-
tion.®l We sought to extend application of this linker to a
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cross-coupling strategy whereby additional functionality
could be appended to the aryl ring during the cleavage step.
Several methods describing the formation of new C—C and
C—N bonds upon cleavage of products from the resin have
been reported. Recently, an elegant approach to biaryl-
methanes derived from polymer-supported benzylsulfonium
salts was reported by Mioskowski et al.l! Briise and Schroen
created several types of molecules starting with a resin-bound
triazene formed by coupling diazonium salts to an amine
resin,l’) whereas separately the research groups led by
Carbonil® and Burgess”! have treated immobilized boronic
acids with various electrophilic species. Reitz et al. reported
the preparation of phenethylamines by means of a C—N bond
forming reaction by displacing a resin-bound alkylsulfonate
with amines.!®

Our strategy of coupling phenols to the electrophilic
sulfonyl fluoride resin 1 to create an aryltriflate species
avoids the limitations of the existing methods, which rely on
relatively uncommon starting materials or preactivation steps
to prepare a linker—substrate conjugate prior to attachment
to the support. Aryl triflates have been widely used as
substrates to introduce diverse functionality on an aromatic
group through palladium-mediated cross-coupling reactions.!
The Suzuki, Heck, and Stille reactions are among the most
powerful methods for C—C bond formation and have been
shown to proceed in excellent yield on solid support.['”] We
report herein that a Suzuki cleavage/cross-coupling reaction
of perfluoroalkylsulfonate resin 2 (see Scheme 1) affords high
yields of biaryls.

A variety of phenols were attached to resin 11" through the
formation of the polymer-bound perfluoroalkylsulfonates 2,
by using K,COj; as base in dimethylformamide (DMF) at
room temperature (Scheme 1). These conditions are very mild
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Scheme 1. Attachment and subsequent Suzuki cleavage/cross-coupling
reaction of phenols bound to the PFS linker 1 as “aryl triflates” 2 to
generate biaryls 3.

and compatible with a wide range of functionalized com-
pounds such as aldehydes, carboxylic acids, alcohols, and
ketones without the need for protecting groups. Loading
levels were determined by elemental analysis and could be
monitored by the disappearance of the SO,F signal in the gel-
phase ’F NMR spectrum.P! Others have reported the use of
gel-phase ”F NMR spectroscopy to monitor reactions and to
determine resin loadings.'2l Although several reports have
been published on the Suzuki coupling of aryl triflates, these
methods require different sets of conditions (catalyst, base,
solvent) depending on the substrates. Our objective was to
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identify mild reaction conditions employing a single catalyst
system that would be suitable for the synthesis of a wide range
of biaryl compounds. In our initial studies we tested a variety
of catalyst systems including [Pd,(dba);(PrBu;)] (dba=di-
benzylideneacetone), [Pd(PPh;),], and [Pd(OAc),(PCys;)]
with different bases (K;PO,, K,CO;, KF), by varying the
solvent and the temperature. However, none of those catalyst
systems was of broad applicability, giving inconsistent yields
of the desired biaryl products and often considerable amounts
of reduction products.'¥l We were pleased to discover that our
original conditions for the resin-based Suzuki coupling of
aromatic iodides proved to be the most general.l'yl Treating
the polymer-supported aryl perfluoroalkylsulfonate species 2
with a variety of arylboronic acids in the presence of
[PACL,(dppf)] (dppf=1,1"-bis(dipenylphosphanyl)ferrocene)
and Et;N in DMF at 80°C for 8h afforded the biaryl
compounds 3 in good yield and purity (Scheme 1). The
desired products were easily isolated by two-phase extraction
and purified to homogeneity by preparative thin-layer chro-
matography. Based on the initial loading of the resin, the
biaryl products were isolated in yields of 62—-89 %. As shown
in Table 1, arylboronic acids and phenols containing both
electron-poor and electron-rich substituents participated
effectively. Phenols with ortho substituents also reacted
effectively (entries 1, 10, 11). More remarkably, the ortho-
substituted and somewhat electron-deficient 2,4-dichlorophen-
ylboronic acid coupled very efficiently giving the biaryl
product in 82% yield (entry 7). It appears that the linker 1
behaves as a polymer-supported triflate species as desired.

Next, we further explored the generality of the traceless
Suzuki cleavage/cross-coupling strategy by synthesizing a
small library of eleven biarylamides 7 employing reductive
amination and acylation steps (Scheme 2). Thus, 4-hydroxy-
benzaldehyde was tethered to PFS support 1 to generate the
resin-bound sulfonate 4. Aldehyde 4 was split into three
aliquots, which were separately subjected to reductive ami-
nation with isobutylamine, furfurylamine, and isopropyl
amine in the presence of Na(CN)BH; and HOAc in THF.
The resulting benzylamines 5 were further partitioned into
aliquots and separately treated with four acid chlorides
(benzoyl chloride, p-toluoyl chloride, isobutyryl chloride,
and 2-furoyl chloride) to give the N-acylated products 6.
Each resin was then individually cleaved as described above
with an arylboronic acid to liberate the biarylamides 7a—k
(Scheme 3), which would have been difficult to prepare with
other reported solid-phase linkers. In agreement with our
previous results,! the compounds were of sufficient purity to
be submitted directly to biological screening after filtration
through silica gel. After purification, the biaryl compounds
7a-k were isolated in 65-90% yield based on the original
resin loading. While not extremely diverse, the small library
did allow us to demonstrate that the intermediates were stable
and could be manipulated without degradation; further
exploitation and optimization of this process for the prepa-
ration of larger libraries is currently underway.

What is noteworthy is that the PFS linker serves as a linker,
a protecting group, and an activating group for phenols. The
polymer-supported aryl sulfonates appear to be stable to a
variety of reaction conditions common in library synthesis
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Table 1. Suzuki cleavage/cross-coupling of resin-bound aryl perfluoroal-
kylsulfonates 2.
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[a] The boronic acids used were A: 3-tolyl-, B: 4-acetylphenyl-, C:

3-fluorophenyl-, D: 3-chlorophenyl-, E: 2-naphthyl-, F: 2,4-dichlorophen-
ylboronic acid. [b] Yields were based on the measured loading of resin 2.
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Scheme 2. Reaction sequence to create a library of biarylamides using 1 as
a tethering and activating group.

such as reductive amination and acylation, while affording a
high degree of activation in palladium-based reactions. The
single-catalyst system [PdCL(dppf)]/Et;N was found to be
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Scheme 3. Structures and yields of Suzuki cleavage/cross-coupling prod-
ucts 7 with the newly formed bond in bold.

suitable for the cross-coupling of a variety of substituted
phenols and boronic acids. Considering the number of
commercially available phenols, the traceless cleavage/cross-
coupling strategy using a key Suzuki reaction should serve as a
powerful method to generate vast numbers of diverse com-
pounds for drug discovery programs.

Experimental Section

A mixture of polymer-supported aryl perfluoroalkylsulfonate 2 (200 mg,
0.07 mmol), [PdClL,(dppf)] (7.2 mg), boronic acid (0.26 mmol), and Et;N
(88 uL, 0.62 mmol) in DMF (1.5-2.0 mL) was placed in a vial under an N,
atmosphere. The vial was sealed and magnetically stirred at 90 °C for 8 h.
The resin was filtered and washed with Et,O, and the combined organic
phases were washed with 10 % aqueous Na,COj; and water, and evaporated
to dryness. The residue was dissolved in Et,O and eluted through a short
bed of silica gel to removed inorganic residues. The crude products were
purified by preparative TLC to give the desired products in >98 % purity.
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Asymmetric Allylsilane Additions to
Enantiopure N-Acylhydrazones with Dual
Activation by Fluoride and In(OTf);**

Gregory K. Friestad* and Hui Ding

Chiral a-branched amines are common features of bio-
logically active compounds. Direct asymmetric amine syn-
thesis by addition to the C=N bond of carbonyl imino
derivatives holds promise for improved access to these
substructures by introducing a stereogenic center and a
carbon—carbon bond in one step. However, the use of strongly
basic organometallic reagents for this purposel!! can result in
competitive metalloenamine formation.”! Development of
alternative milder methods for the construction of C—C bonds
is therefore of considerable importance.!
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Previously we found that in the presence of Zn!! or In!

salts, chiral N-acylhydrazones (Scheme 1) underwent highly
stereoselective radical additions™ in which Lewis acid activa-
tion and restriction of rotamer populations were key design

.0
LA W\'JO
NH “ _N
L = 7
R! R? Rl) CH,Ph
Scheme 1. Retrosynthetic carbon—carbon bond disconnection of chiral a-
branched amines to a Lewis acid activated chiral N-acylhydrazone
precursor.

elements. We sought to exploit this design further with other
reaction types that would broaden the variety of accessible
chiral amines. An allyl group is particularly useful for
subsequent synthetic manipulations, so extensive efforts have
been directed toward the stereoselective allylation of chiral
imines, iminium ions, and related C=N electrophiles.’] We
envisioned a novel dual activation protocol in which both the
allyl donor and acceptor would be activated in a comple-
mentary fashion to promote C—C bond construction under
relatively mild conditions. We hypothesized that the fluoride-
promoted addition of an allylsilane to N-acylhydrazones in
the presence of a Lewis acid would achieve this goal with
excellent stereocontrol. There are surprisingly few examples
of the Sakurai-like fluoride-promoted addition of allylsilanes
to C=N bonds,[! perhaps because of a prevailing perception
that allylsilanes are rather unreactive toward imines without
the use of strong Lewis acids.l We report herein convenient,
highly stereoselective additions of allylsilanes to chiral N-
acylhydrazones at room temperature with dual activation by
fluoride and indium(in1) trifluoromethanesulfonate.

Our initial studies examined the reaction of allyltrimethyl-
silane with chiral hydrazone 2al* (Scheme 2). The use of a
fluoride ion source required careful consideration of exper-
imental protocols to avoid its potential incompatibility with

o 0 0
yo RCHO yo 181 yo
HZN/N\E) - N/N\) TBAT, HN/N\E)

éHzPh Lewis acid CH,Ph

CH,Ph RJ
1 2a—g da—g X
Scheme 2. Addition of allylsilanes to enantiopure hydrazones with dual
activation by Lewis acid and fluoride ion (a: R=Ph;b: R=p-tolyl; c: R=
m-nitrophenyl; d: R=2-naphthyl; e: R=2-furyl; f: R=CH=CHPh; g:
R = CH,CHj; for [Si] see Table 1).

Lewis acids. Eventually, we found that the soluble, air-stable,
nonhygroscopic fluoride source tetrabutylammonium triphen-
yldifluorosilicate (TBAT)®! could effectively promote allyl-
trimethylsilane addition to the complex formed by mixing 2a
with a Lewis acid, to provide 3a [Scheme 2] with good
stereoselectivity. The optimal protocol entailed mixing a slight
excess of allylsilane with TBAT in CH,Cl, while preparing a
mixture of 2a and a Lewis acid in CH,Cl,. After 4 h, these
solutions were combined at room temperature, followed by a
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