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1. Introduction

1.1. Synthesis is reaction and separation

The enterprise of organic synthesis is a collective endeavor involving reaction and separation
followed by identification and analysis.1 The “reaction and separation stage” produces a new
organic molecule while the “identification and analysis stage” proves what the molecule is and
how pure it is. The yield of every organic reaction depends on both the efficiency of the
underlying reaction and the ability to recover the target product in pure form from the reaction
mixture. Reaction methods have evolved and improved dramatically over the past decades and
continue to do so. On the other hand, while they continued to be refined, the core separation
methods that synthetic chemists routinely use have not change for a decade or more.

The concept of the “ideal reaction” serves as an inspiring, if unattainable, goal for basic research
in synthesis.2 In the trenches (the labs), reactions are usually a means to an end (chemical and
drug discovery), and chemists tend to spend more time searching, hoping and wishing for the
“ideal separation"la’b. It is rare not every day that a new, generally applicable separation
method comes along.

The purpose of this Report is to provide an overview of the increasingly popular new separation
technique of fluorous solid-phase extraction (F-SPE). Though it is still less than a decade old,
3 the technique has matured rapidly and is now ready for prime time, as illustrated by the
expanding uses over the last 2-3 years.4 After a brief introduction of two varieties of F-SPE
—standard and reverse—we provide comprehensive tabular collections of published uses in
small molecule synthesis that are intended to illustrate both the scope of the method and the
diverse array of reagents and materials that are now available. We close by providing interested
readers with practical information on how to conduct an F-SPE.

1.2. Light fluorous chemistry

The bifurcation of fluorous chemistry into “heavy” and “light” branches in 1999 was a direct
result of the introduction of F-SPE. The earliest work in the fluorous field focused on
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introducing large (therefore “heavy”) fluorous taSgs onto organic and oganometallic reaction
components (catalysts, reagents, reactants, etc.). 6 These tags then rendered the resulting
tagged reaction components soluble in fluorocarbon and other highly fluorinated solvents, and
enabled powerful techniques like fluorous blpha5|c and triphasic reactions, biphasic and
triphasic liquid-liquid extractions (LLEs) thermomorphic reactions, and more. 8 The exciting
branch of heavy fluorous chemistry, whose techniques are especially suitable for large scale
processes, continues to forge ahead at a rapid pace today.

Heavy fluorous tags are often called ponytails because they usually sprout several fluoroalkyl
chains bearing 39 or more (often many more) fluorines. From the outset, workers in the field
were bent on giving these ponytails a haircut. The resulting light fluorous molecules (typically
with 9-17 fluorines) are cheaper and more readily available, and are much more soluble in
common organic solvents. But therein lies the rub—they are also much less soluble in fluorous
solvents so the LLE breaks down. The enabling advance for light fluorous molecules was the
replacement of the LLE with an spe.3.9,10

Figure 1 compares and contrasts a pair of related heavy and light fluorous alkene
metathesisll catalysts. The heavy fluorous catalyst 1 is a copolymer of a catalyst component
and the fluorous acrylate1 (However, many molecular heavy fluorous catalysts are also
know). Itis freely soluble in FC-72 but is insoluble in organic solvents like CH,Cl, and EtOAC.
Following a reaction with a substrate in CgHsCF3/CH,Cl, the catalyst is extracted away from
the products with FC-72. Multiple cycles of recovery and reuse were conducted. In principle,
it makes little difference that heavy catalysts like 1 have low or even no solubility in the organic
reaction solvent, so long as the reaction works. In practice, however, it makes a big difference,
especially in small scale discovery chemistry. Target reactions may fail either because they are
too slow to occur at all or because other side reactions occur more rapidly. The rate of a target
reaction often depends directly on the concentration of a reactant in the reaction solution—in
other words, on its solubility. So having soluble reaction components is a huge advantage,
especially when reactions are not understood in great detail, as is always the case with new
reactions.

Light fluorous catalyst 2 has very different physical properties from heavy cousin 1.13A green
crystalline solid, it is freely soluble in most common organic reaction solvents but has low
solubility in fluorous solvents like FC-72. These properties are advantageous for running
reactions since one can simply use the standard conditions for non-fluorous reagents without
modification.

For example, cross metathesis of 3 and 4 has been conducted at University of Pittsburgh on
large scale for a preparative total synthesis of analogs of the anti-cancer agent dictyostatin.
141n atypical run, 15 g of alkene 3 and diene 4 (1.3 equiv) were combined with 1.3 g of catalyst
2 (3%) in 50 mL of dichloromethane. The homogeneous mixture was warmed to 40 °C for 2
h and cooled prior to evaporation of the reaction solvent. The mixture was then subjected to
F-SPE over 50 g of fluorous silica gel to provide an organic fraction of cross- and self-
metathesis products. Purification of this fraction provided the cross-coupled product 5 in 60%
yield. The fluorous fraction was primarily the recovered catalyst 2 and could be used as such;
however, we prefer to recrystallize this product to ensure high catalyst quality for the next use
in either the same or a different reaction. Recrystallization of the crude fluorous product from
this reaction provided 1.0 g (77%) of recovered catalyst, which was of comparable appearance
and purity to the original sample.

Comparing and contrasting this type of light fluorous reaction with traditional solution phase
methods and also solid phase methods highlights the advantages of the fluorous approach
In reaction, identification and analysis phases, the light fluorous approach resembles traditional
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solution phase methods rather than solid phase methods because the fluorous reaction
components are molecules, not materials. Light fluorous molecules are often soluble in a broad
range of standard organic reaction solvents and exhibit reactivity comparable to their non-
fluorous parent's.16 In other words, their reaction features are readily predicted. Fluorous
molecules can be routinely analyzed by all standard spectroscopic methods and separated by
both fluorous and non-fluorous techniques.

The advantage over traditional solution phase chemistry comes at the separation stage, because
the separation of fluorous compounds by F-SPE is a reliable and generic procedure that
resembles more a filtration than a chromatography. The separation depends primarily on the
presence or absence of a fluorous tag, not polarity or other molecular features that control
traditional chromatography. In many respects, light fluorous methods capture the best features
of traditional solution-phase chemistry, yet still provide a facilitated separation.

2. Concept of F-SPE
2.1. Classification of F-SPE

F-SPE separations can be grouped into two main classes: standard and reverse. The standard
or original solid phase extraction is much more common and involves the partitioning between
a fluorous solid phase and a fluorophobic liquid phase.4 This technique has been used in many
settings (manual SPE, automated SPE, plate-to-plate SPE, automated flash chromatography,
HPLC) and has proven generality. In contrast, the nascent technique of reverse fluorous solid
phase extraction” uses a fluorophobic solid phase and a fluorous liquid phase. While there
are currently only a few examples, the reverse F-SPE technique has considerable potential.
Both techniques have been described in detail 17 and we provide here a brief summary.
Section 5 of the Report on practical aspects is for those planning to use the standard F-SPE
technique in the lab.

sPEL8 and chromatography are related because both involve partitioning between solid and
liquid phases, and the transition zone between the two techniques is grey. In chemical analysis,
an SPE is usually used to help concentrate a very dilute sample; however, in synthesis it is used
to partition a concentrated sample rapidly into two fractions. In general, the synthetic SPE
resembles a filtration more than a chromatography, and has higher loading levels and lower
solvent volumes. After elution of a first fraction with a first solvent, a second solvent of stronger
eluting power is added to elute a second fraction. That second fraction is simply too well
adsorbed on the solid phase to be eluted by the first solvent in a practical time frame. Multiple
fraction collection and analysis are not required—there is one wash for unretained molecules
and one wash for retained molecules. In chromatography, elution of successive fractions is
typically a “time-dependent” process—sooner or later, all of the fractions elute. In SPE, elution
of successive fractions is a “solvent-dependent” process.

Among different packing materials for SPE, ion-exchange resins have good retention
selectivity, give “mass-controlled” separation, and are little affected by the volume of the
loading solvent. In contrast, polarity-based normal- and reverse-phase silica gels are much less
selective and are more sensitive to the polarity and volume of the loading solvent.18 Fluorous
silica gel has strong and selective fluorine-fluorine interaction with fluorous molecules.

2.2. Standard F-SPE

Standard F-SPE was introduced in 19973 and involves the use of a fluorous solid phase and a
fluorophilic (but not fluorous) solvent, as illustrated in Figure 2. The fluorous solid phase is
typically silica gel with a fluorocarbon bonded phase (-SiMe;(CH»)2CgF17), and this is
commercially available from Fluorous Technologies, Inc. under the trade name of
FluoroFlash®.19
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Briefly, a crude reaction mixture containing both fluorous and non-fluorous reaction
components is charged onto fluorous silica gel and then the silica is eluted with a fluorophobic
solvent like 70-80% MeOH/H,0, 50-60% CH3CN/H,0, 80-90% DMF/H,0, or 100%
DMSO. In this “fluorophobic pass”, non-fluorous (organic) compounds typically move at or
near the solvent front and elute immediately, while fluorous compounds are retained on the
silica gel. In the ensuing “fluorophilic pass”, elution with one of many organic solvents (water-
free MeOH or CH3CN, THF, among others) then provides a fluorous fraction containing those
compounds bearing the fluorous tag.

The procedure is simple, general and reliable, and has now been used many times in diverse

settings. Importantly, it does not seem to be very sensitive to the polarity of either the fluorous
component or the organic component. Thus, the standard F-SPE is a very attractive separation
technique in library settings since products with very different characteristics will all exhibit
substantially the same behavior.

2.3. Reverse F-SPE

Reverse F-SPE is a new technique with few examples to date, L7 but with considerable
potential. The philicities of the solid phase and liquid phase are reversed, and standard silica
gel is used as the polar solid phase while blends of fluorous20 and organic solvents as the
fluorophilic liquid phase. The concept is illustrated in Figure 3. A sample containing fluorous
and non-fluorous components is charged to regular silica gel with standard solvents, and then
the silica is eluted with a fluorophilic solvent to remove a fluorous fraction (fluorophilic pass).
In our first paper,17 we used FC-72 (perfluorohexanes) and ether, among other combinations,
but we now more often use HFE-7100 (perfluorobutyl methyl ether) blended with ethyl acetate,
ether or another organic cosolvent. Following that, a fluorophobic pass can be conducted with
any standard organic solvent.

Perfluoroalky! alkyl ethers like HFE-7100 are preferred over fluorocarbons because the
fluorocarbons have very poor eluting power (even for most light fluorous compounds) and they
have limited miscibility in organic solvents. Because of this, the range of fluorophilic blends
with such solvents is limited.

The reverse F-SPE is attractive for removing fluorous reagents, catalysts and other byproducts
from standard organic target products because after the fluorophilic pass is complete, the
organic product absorbed on the head of the silica column can simply be purified by standard
flash chromatography. It is also attractive because solvent elution conditions and prospects for
success can be readily assessed by using standard silica gel TLC plates.

However, because standard silica gel is used, the behavior of reverse fluorous methods can be
significantly affected by the polarity of both the fluorous and the non-fluorous components.
While we still have limited experience, we currently feel that reverse F-SPE exhibits the most
power when used to separate relatively non-polar fluorous components from relatively polar
organic components. Of course, such kinds of separations might also be conducted by standard
chromatography with traditional solvents like hexane/EtOAc. However, the replacement of
non-polar solvent (hexane) of this combination with a fluorous solvent will often provide a
better separation because this will significantly retard the elution of the organic fraction without
retarding nearly as much (and perhaps even promoting) the elution of the fluorous component.
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3. F-SPE Methods

3.1. Pressure and gravity F-SPE

Depending on the type of fluorous silica gel that is used, F-SPEs can be driven with light
pressure (positive or negative) or by gravity. Commercially available FluoroFlash® SPE silica
geI21 has 40-60 um particle sizes. Cartridges packed with this size silica gel require positive
pressure on the top or negative pressure under the bottom to drive the elution process. When
particle size is increased to around 120 pum, gravity SPE is possible.22

3.2. Common F-SPE systems

A basic unit for conducting 1-24 SPEs shown in Figure 4 is commercially available from
Supelco. Other companies such as Fisher and Waters sell comparable units. The unit is a 2 x
12 manifold and employs negative pressure, which is convenient for SPE cartridges with 2—
10 g silica gel. Fractions are collected in a 10-15 mL test tube. For F-SPE with big cartridges
(6-10 g silica gel), more than one tube is needed to collect both non-fluorous and fluorous
fractions.

Since the F-SPE process is highly reproducible and functional group independent, it can be
easily automated or used in a plate-to-plate format. For parallel synthesis, plate-to-plate F-SPE
can significantly increase the throughput. Samples are loaded onto a plate whose cartridges are
packed with fluorous silica gel and fractions are collected in a matched receiving plate. The
silica gel plate may be cartridge- or well-formated. Figure 5 shows a 24-cartridge plate and a
24-well plate of VacMaster® form Biotage.23 Similar systems are also available from United
Chemical Technologies, Supelco, and Waters. If 50 um fluorous silica gel is used, then the
receiving plate is connected to a vacuum pump. The 24-channel plate has the following
technical features: 1) each cartridge has 6 mL, and each well has 10 mL volume, which can be
charged with 3—-4 g of fluorous silica gel leaving ~3-5 mL top space for elution solvent; 2)
each receiving well has 10 mL volume for collecting fraction; 3) a six-channel pipette is used
for parallel sample loading and solvent loading; and 4) the Whatman® receiving plate24a has
a standard footprint which can be directly concentrated in a Genevac vacuum centrifuge. The
24-well plate is good for parallel purification of 10-100 mg quantity of products. This system
has been demonstrated in the purification of small libraries produced involving amine
scavenging reactions with fluorous isatoic anhydride, amide coupling reactions with F-CDMT,
and amide coupling reactions with a fluorous Mukaiyama condensation reagent.25

The 96-well F-SPE plate is more suitable for parallel synthesis of larger number but smaller
quantity of samples. Figure 6 shows a pair of 96-well Ex-Block plates poised for plate-to-plate
F-SPE.24b Each well in the top block has 3 mL volume and is charged with 1 g of fluorous
silica gel. The bottom receiving well also has 3 mL volume. The 96-well plate F-SPE system
has been demonstrated in gravity F-SPE with 120 um size silica gel for fluorous scavenging
reactions and amide coupling reactions.22 There are several similar 96-well plates
commercially available. However, most of them only have 2 mL well volume.

The F-SPE process can also be automated. The RapidTrace® SPE workstation has been widely
used in biology labs for sample preparation,26 but it is less popular in synthetic labs (Figure
7). The workstation can have up to ten modules arranged in parallel and attached to a computer
to control cartridge conditioning, sample loading, cartridge elution, and fraction collection.
The automated sample loading can handle solutions and slurries containing a small amount of
solid. Pump-controlled solvent delivery gives accurate solvent volume and flow rate. Each
module conducts ten SPEs sequentially. A maximum of 10 x 10 = 100 SPE separations can be
finished in 1-2 h unattended. Each SPE cartridge has 3 mL volume which can be charged with
1.5 g of fluorous silica gel for separation of 10-100 mg samples. Relative to the plate-to-plate
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SPE, the RapidTrace® unit has higher upfront instrument cost but significantly saves
manpower and provides consistent results.

Commercial systems from Isco and Biotage are available for large scale F-SPE or flash
chromatography. Among them, the Biotage FlashMaster™ 11 can handle up to 200 psi back
pressure, which is more suitable for fluorous separations using MeOH-H,0 and MeCN-H,0
as the elution solvents. This system has ten channels; cartridge size from 5 to 100 g can be
easily fit in (Figure 8). The FlashMaster " system also has many features of standard HPLC
including gradient solvent mixing, flow control, and UV-trigged fraction collection.

4. Tabular summary of F-SPE

This tabular section is intended to provide a comprehensive collection of the published uses
of F-SPE for separation in small molecule synthesis from its inception in 1997 up to early 2006.
Small molecule synthesis is not the only use of F-SPE, but applications in oligonucleotide
synthesis,27 peptide synthesis,28 proteomics29 and other areas30 are not covered here. Nor
do we cover other uses for fluorous silica gel includeing HPLC demixing in fluorous mixture
s;ynthesis?’1 and catalyst/reagent support applications.3

The Tables are organized so that readers can easily scan them for relevant fluorous reaction
components (left column) and allied transformations (center column). References are provided
in the right column. In almost all cases, papers report multiple examples of the use of F-SPE,
but we often extract only a single representative example. In the case of chiral auxiliaries and
protecting groups, for example, the F-SPE may be used in multiple steps, including tagging,
reaction of tagged substrate and detagging. Here, we typically focus on the key reactions. In
the case of library synthesis, we summarize the steps and show a generic example of the library
core with R groups to give readers a sense of the scope and substitution pattern of the library.

The Tables are organized according to fluorous reaction component under the following
headings:

Reagents,33 Table 1: One or more fluorous reagents are used in at least stoichiometric
quantities, providing fluorous byproducts. The precursor and the target product are
organic.

Reactants, Table 2: A fluorous reactant is incorporated into the product, but it is not
a chiral auxiliary or a protecting group.

Catalysts,34 Table 3: The fluorous reaction component is a catalyst or precatalyst.
The precursor and the target product are organic.

Chiral auxiliary, Table 4: The substrate and product bear a chiral auxiliary with a
fluorous tag.

Scavengers,35 Table 5: A fluorous reagent is used to consume (scavenge) some
undesired reaction component (usually an unreacted starting reagent) and the
scavenged product is separated from the organic target product.

Protecting groups,36 Table 6: The substrate and/or product bear a fluorous version of
a common protecting group.

Displaceable tags,36 Table 7: The substrate and derived intermediates bear a tag that
is displaced with other functionalities, usually in a diversity oriented synthesis setting.

A number of the more popular fluorous reaction components shown in the tables are
commercially available from Fluorous Technologies, Inc.,19 Aldrich, Fluka, and Wako (in
Japan).
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5. Practical Aspects of F-spe2l

5.1. A typical F-SPE procedure

F-SPEs in cartridge format are very easy to conduct and have the following general steps:
cartridge washing (for new cartridges only), preconditioning, sample loading, fluorophobilc
elution, fluorophilic elution, and final washing for cartridge reuse (optional). A typical F-SPE
procedure for separation of a reaction mixture with a 2 g SPE cartridge is as follows:21

Step 1 — Cartridge washing: Wash a new cartridge with 1 mL of DMF under a vacuum or
positive pressure depending on your SPE manifold. This step can be omitted with recycled
cartridges.

Step 2 — Preconditioning: Pass through 6 mL of 80:20 MeOH:H,0 to condition the
cartridge. Discard the preconditioning eluent.

Step 3 — Sample loading: Dissolve sample (100-300 mg) in 0.4 mL of DMF and load onto
the cartridge by using vacuum or positive pressure to ensure the sample is completely
adsorbed onto the cartridge (see Table 8 for alternative loading solvents).

Step 4 — Fluorophobic elution: Wash with 6-8 mL of 80:20 MeOH:H,0 to obtain the
fraction containing the organic compounds.

Step 5 — Fluorophilic elution: Wash with 8 mL of MeOH to obtain the fraction containing
the fluorous compounds.

Step 6 — Final washing (optional): To regenerate the SPE cartridge for reuse, wash with
6 mL of THF or acetone and air dry.

5.2. F-SPE Demonstration with dyes

The following dye separation demonstrates how F-SPE works. The non-fluorous compound
is Solvent Blue® dye; the fluorous compound is F-orange dye. These two dyes have similar
polarities. Figure 9 shows fluorous cartridges containing the dye mixture in three different
stages of elution. The left-hand test-tube illustrates how the F-SPE cartridge appears after
loading a mixture of the two dyes and elution with a small amount of 80:20 MeOH:H»0. The
center tube shows how the non-fluorous components (blue fraction) are washed from the
cartridge by using more 80:20 MeOH:H»0. The adsorbed fluorous dye is not eluted even with
extensive flushing with 80:20 MeOH:H,O and remains on the cartridge. Finally, the orange
fluorous dye is easily eluted with 100% MeOH or THF, as shown by the third tube.

5.3. Common issues related to F-SPE

5.3.1. Loading solvents—Many different solvents can be used for sample loading,
however, the more fluorophilic the solvent is the smaller the volume should be to prevent
breakthrough. A list of solvents with increasing fluorophilicity is as follows: H,O < DMSO <
DMF < MeOH < MeCN < THF < HFC-7100 (C4F9OCHj3) < FC-72. For normal F-SPE, the
mass loading (weight of crude sample compared to the weight of fluorous silica gel) is
suggested to be around 5-10%.21 With the least fluorophilic DMSO, the solvent loading
(volume of solvent compared to the volume of fluorous silica gel) can be as high as 30%,
whereas with high fluorophilic THF, the solvent loading should be less than 10% to avoid
fluorous sample breakthrough. Table 8 provides recommendations for some common loading
solvents and cartridge sizes.

The usual symptom of breakthrough is that a small amount of the fluorous compound comes
off early in the organic fraction, but the bulk of the fluorous compound is retained on the
cartridge. This happens because the loading solvent elutes the fluorous compounds, but the
elution stops as soon as the fluorophobic solvent elutes the loading solvent from the cartridge.

Tetrahedron. Author manuscript; available in PMC 2008 May 27.
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Breakthrough problems can often be solved by using less volume of loading solvent. Other
solutions are to use a more fluorophobic loading solvent, to use a larger cartridge, or to lower
the sample mass loading.

A good loading solvent should have low fluorophilicity and good dissolving power for organic
compounds. Direct loading of a reaction mixture onto a fluorous cartridge for SPE is sometimes
possible. However, in common practice, the reaction mixture is usually filtered first to remove
insoluble solid and catalysts. The concentrated crude mixture is then dissolved in an appropriate
loading solvent and loaded onto a cartridge preconditioned with a fluorophobic solvent. In
large scale F-SPE, an aqueous workup of reaction mixture is recommended. This removes
water-soluble materials and preserves the lifetime of cartridge for reuse.

5.3.2. Elution solvents—An F-SPE has two solvent passes, the first one uses the
fluorophobic solvent and the second one uses the fluorophilic solvent. The fluorophobic solvent
is usually a water-miscible organic solvent with certain amount of water to reduce
fluorophilicity. Solvents such as 70:30 MeCN-H,0, 80:20 MeOH-H,0, and 90:10 DMF-
H,0 are the common choices. Acetone-H,0 and THF-H,O can also serve the purpose. If a
component in the reaction mixture is water sensitive, then 100% DMSO can be used for
fluorophobic wash. All the non-fluorous components are expected to elute with the
fluorophobic solvent in 3-5 column volumes, while fluorous components are retained on the
cartridge. If organic components have low solubility in elution solvent, this can occasionally
generate a precipitate and block the cartridge during F-SPE. Reduced mass loading and slightly
increased the percentage of organic solvent can minimize this problem. After the elution of
non-fluorous components, a more fluorophilic solvent such as MeOH, acetone, MeCN, or THF
is used to wash out the fluorous component retained on the cartridge in 3-5 column volumes.

5.3.3. Fluorous silica gel reuse—To control the cost spent on fluorous silica gel and
reduce waste disposal, the cartridges can be washed thoroughly and conditioned for reuse. The
fluorous stationary phase can be cleaned by washing with fluorophilic solvents (acetone,
MeCN, and THF) or with a mixture of MeCN-H,O containing 0.5% TFA. To extend cartridge
lifetime, crude samples containing strongly acidic or basic compounds, or having insoluble
solids or a large amount of salts are not recommended for directly load onto the cartridge
without pretreatment. However, if the cartridge will be discarded after use, the precautions are
not necessary.

5.3.4. Gravity F-SPE with large fluorous silica gel—Compared to normal F-SPE with
40 pum fluorous silica gel, the resolution of gravity F-SPE with 120 um silica gel is reduced to
some extent. Cartridges with the large size fluorous silica gel need to be carefully conditioned
to remove air bubbles. In the case of plate-to-plate F-SPE, the plate loaded with a high boiling
solvent such as DMF or DMSO is degassed in a vacuum chamber (20-30 mm Hg) for 3-5 min
to remove the air bubbles.

6. Conclusions

The results summarized in this Report show that the new separation technique of fluorous solid-
phase extraction (F-SPE) has successfully debuted and is now ready for prime time. While
there is still more to be learned, basic F-SPE techniques are well understood and have proven
generality. The predictability and generic “fluorous/non-fluorous” nature of F-SPE’s make
them especially attractive in research settings with single compounds or compound libraries.
The learning curve is not steep; indeed, you can be up and running in the lab with your first F-
SPE in as little as 15-30 minutes. Fluorous silica gel is now commercially available in an
assortment of sizes and formats, and an increasing number of fluorous reaction components
(reagents, catalysts, tags, scavengers, protecting groups) are also sold commercially. Thus, we
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expect that the usefulness of F-SPE will continue to expand as it is applied to more and different
problems, and we intend that this Report will help to fuel that expansion.
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Abbreviations

BINAP

2,2'-bis(diphenylphosphineno)-1,1'-binaphthyl
BINOL

1,1'-bi-2,2'-naphthol
Boc

t-butyloxycarbonyl
BTF

benzotrifluoride
Cbz

benzyloxycarbonyl
CDMT

2-chloro-4,6-dimetoxy-1,3,5-triazine
m-CPBA

meta chloroperbenzoic acid
DCT

2,4-dichloro-1,3,5-triazine
dba

dibenzylideneacetone
DEAD

diethyl azodicarboxylate
DIPEA

diisopropylethylamine
DCC

dicyclohexylcarbodiimide
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DBU

dppp

DMF

DMAP

DMSO

dppf

FC-72

F-SPE

FTI

HFE-7100

HOAT

HOBT

HPLC

LLE

MOM

pw

NIS

Oxone

Rf

Rfh
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1,8-diazabicyclo[5.4.0]undec-7-ene

1,2-bis(diphenylphosphineno)propane

N,N-dimethylformamide

4-dimethylaminopyridine

dimethylsulfoxide

1,1'-bis(diphenylphosphineno)ferrocene

perfluorohexanes

fluorous solid-phase extraction

Fluorous Technologies, Inc

perfluorobutyl methyl ether

1-hydroxy-7-azabenzotriazole

1-hydroxybenzotriazole

high-performance liquid chromatography

liquid-liquid separation

methoxymethyl

microwave

N-iodosuccinimide

potassium peroxymonosulfate

perfluoroalkyl group

perfluoroalkyl group with CH, spacer
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TEA

TFA

THF

THP

TLC

TMS

TPP

triethylamine

trifluoroacetic acid

tetrahydrofuran

2-tetrahydropyranyl

thin-layer chromatography

trimethylsilyl

triphenylphosphine
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A heavy fluorous Grubbs-Hoveyda catalyst 1

N N% >—
Cl.
CI'F:M_ OX\{CO
0:“5 :}—o
iPrv o
C8F17
catalyst fluorous polyacrylate

ratio catalyst/fluorous acrylate ~1/10
1 mmol 5.3 g, 61% fluorine

soluble in C4F,,, CgH5CF5;

not soluble in CH,CI,, EtOAc

A light fluorous Grubbs-Hoveyda catalyst 2

N/_\N
crr
v /é
iPr CSFﬁ"
catalyst fluorous tag

1 mmol = 1.0 g, 31% fluorine
soluble in BTF, CH,CI,, EtOAc,

many other organic solvents;
not soluble in C4F,,

Light catalyst 2 in action

1)1.39(3%) 2
CO,Me CH,CI,

TBSO e \N -

40 °C, 2h

TBSO 2) F-SPE
3,150¢9 4, 1.3 equiv
CO,Me
TBSO P + 2
TBSO

5, from organic spe fraction from F-SPE fraction
10.9 g, 59% after 1.0 g, 77% after
chromatography recrystallization

Figure 1.
Comparing and contrasting light and heavy fluorous Grubbs-Hoveyda
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fluorophobic pass fluorophilic pass

% %

I fluorous
fraction
fluorous fluorous
silica gel silica gel
organic fluorous
fraction fraction
80% MeOHH0 MeOH, MeCN
90% DVF/H:0 THF, etc.
100% DMVISO, etc.

Figure 2. A cartoon of a “standard” F-SPE
The organic fraction is blue and the fluorous fraction is red
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fluorophilic pass

N\

e
—

o)

A

L

I organic

fraction

standard
silica gel

L

fluorous
fraction

FC-72/Et,0
HFE-7100/EtOACc,
etc.

Figure 3. A cartoon of a “reverse” F-SPE

fluorophobic pass

4

>

-

standard
silica gel

S

organic
fraction

hexane/EtOAc,
or any standard
organic solvent

The organic fraction is blue and the fluorous fraction is red
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Figure 4.
2 x 12 Vacuum SPE manifold
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Figure 5.
24-Cartridge (left) and 24-well (right) SPE plates
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Figure 6.
Ex-Block for 96-well plate-to-plate F-SPE
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Figure 7.
RapidTrace® SPE workstation (left, single unit; right, ten parallel units)
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Figure 8.
Biotage FlashMaster™ 11 for variable-scale F-SPE
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O HN_
C4H9

Solvent Blue

i

- 1

Figure 9. F-SPE with blue (organic) and orange (fluorous) dyes
Left tube: beginning of fluorophobic wash (80:20 MeOH:H,0); Center tube: end of
fluorophobic wash; Right tube: end of fluorophilic wash (100% MeOH)
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4.1, Table 1
Reactions with fluorous reagents
Reagent Transformation Ref
o~ SN(CH,CH,C4F3); OH 3
< 6 ©/\’ no solvent @NJ\A\
T >
'IU 140°C, 4d
> F-SPE 71% (100% pure)
> #~~SN(CH,CH,CH,C,Fy); > OH ¥
c =
5 S M 7 \N -Bu
Q 7 t-Bu BTE
—_—
QZJ hv |
5 F-SPE
= 92%
é. I\lﬂe 38
— C..F Et
H—?n_/_ 10" 21 t BuOH “/
Me O F-SPE O‘
8 83%
©:| f t BuOH @:‘g
P _—
II F-SPE
o
> ?5%
39
,E Rfh
5 o
Me
- AcO),l
= (AcO), . MeO | 9,CHCL ' o
§ Rfh = (CH.LCAF 25 °C, 20 min
- 2/2~8" 17 OH . z
@ F-SPE 0
el 86%
=3 0
HS/\/C‘F" @[NO 10, K.‘,CC’3 H,N \I/\Ph
10 /E TMecN Co,Me
F-SPE
CO,Me 91%
T
a
: i CfL *E) i
T 1 (L7 WepneTe N7
RY Rfh = (CH,);CgF 7 F-SPE
j; 72%
g Ph,P(CgH,CH,CH,C4F 13) Staudinger reactions 4
>
= 12 HN N 12 HNC NS
= —( ) THF, H,0 =N
Q N o N_ o e s 0
2 A p\\ 25 oC N
8‘ o ! N, F-SPE O)QO NH,
=4 Pa 88%
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Reagent Transformation, 433545
Ph,P(C4H,CH,CH,CF,;) Mitsunobu reactions Y
13, F-TPP
o o ON COH 1T3|’_|1F4 O,N coMe
rih. L _rn + MeOH — >
O N=N" O F-SPE
NO
14, F-DEAD-1 NO, 2
0
Rfh = (CH,),C4F 5 93%
13,15 F

JL JJ\
t-B
Rfh -~ u
15, F-DEAD-2

Rfh = (CH,),CgF 4

OH
+ /@f\o _THF
F F-sPE Q’
60%
oH 13,16 F
/@’ + OH THF O\/O/
NC F U

0 0
rth. I _rm F-SPE
0~ "N=N" "0
NC 98%
16, F-DEAD-3
Rfh = (CH,),C¢F 44
25
th’o\“/Nﬁ/o‘th O/COzH
1) 17, NMM
NYN Boc’l\'| + OMe ) /\©
& 2) MP-CO,
H,N F-SPE
17, F-CDMT 57%(91% pure)
Rfh = (CH,)3CeF 43
P M a6
0 CsF 0._COH °
P /@’ 18 (1 equiv) Ve
N- N al - NMM 0
)I\ /J\ 3
cl” "NT el . THF N
2 equiv. Me NH, Fspg 0
18, F-DCT U @
Me Cl
2 equiv 62% (99% pure)
CO,H 1) 19 47

= | Cl CoFio
N
+

PFg

19, F-Mukaiyama
condensation
reagent

{ HOBt, DIEA 1) MeNH(CH,);CoF ;6

N HN 2) MP-CO,
Me 2 3) F-SPE

me 95% (99% pure)
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Reagent Transformation Ref
OMe 48,49
Rfh O/\O:I/O no solvent solvent
F LW, 3 min
F-SPE
S—P=S 85%
| |
S=P-S
< > {/ } THF s
Rfh 5F°gpgh N=N
OMe 94%

20, F-Lawesson's
reagent
Rfh = (CH,);CsF -
(CH2)4C8F1?
(CH;)4CeF 13
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4.2. Table 2
Reactions with fluorous reactants
Reactants Transformation, I-:\r’)gf
I\/\/Can Br 21 r /\\_/\/-\/CGFH
21 THF-Et,O Br 6 13
[(cod)CuCl] +
MgBr F-SPE 97% (3:1)
CE-F13
|—Cg4F..CF 22 51
8 16 {CFS)Z
29 AIBN (10%)
)\/SHBU3 4:-hexane )\/011F23
80°C,2h
F-SPE 95%
~_-CF, /\ >
N3 23 \\ H’N CaF1?
23 N
Cu(OAc),
N ascorbic acid
HO ‘ " N
-Pr,NH, MeOH Ho
= F-SPE
| =
> |
N SN 95%

1duasnue Joyiny vd-HIN
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4.3. Table 3
Reactions with fluorous catalysts
Catalyst Transformation Réaf
CHO
NO. 24 HO 7
Z 2
= ) BTF, 60 °C NO,
! P Rfh I ———
3 , + F-SPE
> Cl,Pt 2 NO,
Z 24 NO,
= [C¢F 13(CH,)3sSNCH,CH=CH, 100% (100% pure)
3 Rfh = (CH,),CeF 15
= (Rfh).Si Ph 0, 25, Sml, 0 53
) & Me Ph
5 o THF
c 0] OH Ph @ —
0 0 OH -450C, 2h
(@] N ‘
= (Rfh),Si OO Ph F-SPE 82% (81% ee)
- 98% 25 recovered
Rfh = (CH,),CqF 15
(Rfh).Si 26 OH >
MeO CHO TI(O-IF’r)4 MeO H
OH F
\©/ + Et,Zn —
Z OH 0°C, 1h
T ) F-SPE
s (Rfh),Si 95% (85% ee)
> 100% 26 recovered
> 26, (R)-F-BINOL
%_ Rfh = (CH,),CqF 15
o 55
= CeFas cho 27:Ti(0-iPr), o
Qza OH 2:1) - N
+ /\\/SI"IBLI3 ——
2 OH hexane
7 g‘ 0°C,61h
=) CoF s F-SPE 88% (75% ee)
S
- 27
Rfh 28 %
OO M [RuCl,(benzene)], HO, H O
PPh —_— N
PPh. OMe 50 bar H,, CH,CI, OMe
CO : F.SPE 100% (80% ee)
> Rfh
T 28
o Rfh = (CH,),CqF 15
> Me  Ph 29 OH o7
g P CHO :
= /@/\T o @/ N 2:1 toluene/hex
Et,Zn ——————>
= (Rfh),Si Me z 250C, 20 h
= 29 F-SPE 91% (83% ee)
2 Rfh = (CH,),CsF 44 100% 29 recovered
7
Q
5
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Page 29

Catalyst Transformation Ref
Rfh  Rfh 58
30 !
+ —_—
Isaaue! s Y
Rfh Rfh WN F-SPE o B
30, F-dppp 0 \|| o/B yield
Rfh = (CH,),C,F A 60°C, 18 h 94/6  46%
Zeme e W 90°C, 15min 90110  46%
Rfh. Rfh CI Rfh 0 59
Cl—\Sa—O—\SrE OMe 31 (10%) = T
Rfh I | | | Rfh HO\/H/W\CO M CGH50| “OMe
:S\n—0—§n\—Cl Me e S P
Rfh ¢ Rfh Rt Me 200 °C, 10 min 7 oMe
. o]
31 F-SPE 78%
Rfh = (CH,),CqF 13
60|
[[C¢F,3CH,CH,],Sn0O], OH 32 (2%) OH
32 CF, oH EBN-TsCl  cF, OTs
CH,C,
25°C,1h
F-SPE 70%
0 61
o) A
=N N=
CO. 0, 0,
Co 7 0o CFyr \/& 1) (RR)-33, AcOH, air 2070 (90-6% ee)
Cl - +
t+Bu t-Bu 2)H,0,25°C, 15 h OH  oH
(R.R)-33 c—"
(R,R)-33 recovered
by F-SPE 40% (98.3% ee)
Rfh_ Rfh o 34 OH )
29 JUREP A LA
O O Ph” “Me ~ H~ “COEt Cu(OTh, Ph CO,Et
F-SPE 99% (67% ee)
77% 34 recovered
o] o]
NN o) 34 9 Ho
NN JL + )l\ J\/(
E Bu-S co,Me
t-Bu B TMSO”~ “Ss—t-Bu CoMe Cu(OTh), tBu- 2
34 F-SPE 63% (65% ee)
Rfh = (CH,),C4F ;-) 77% 34 recovered
- 2/3~8t 17
[NI{FSCC(O)CHC(O)C5F13}2] Me Me 63
35 o 35 o CO,Et
+ N=—COft —> —
) CDCl, o) NH,
Me 25°C, 24 h Me
F-SPE
99%
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Page 30

Catalyst Transformation Ref
cl, FI:'Cy3 p-Tg 13
N
o@ Rfh i CH,CI, 2
)\ 55°C,2h 99%
36 F-SPE 88% 36 recovered

Rfh = (CH,),C¢F 45

QN/_\N
a.

CI'R
o Rfh

)\

2
Rfh = (CH,),CgF ;7

P*ITS 2 (5%)

/\/N\/J\ CH,Cl,
55°C, 2 h

F-SPE

p-Ts
N
(I
96%
91% 2 recovered

13

S—CH;P-CgF,,

37 (3 mol%)

oy
MeO

/@/\\/cog\ne
+ BusN, DMA  MeO

o7

Pd—Cl
S—CeHi P—CeFyy AN 140 °C, 45 min
7 coMe T SpE 89%
37
CoFsr 0 OH >
O 38 (0.1 equiv) /@/k
o THF, 25°C

50 ()
B_
H © CﬂFﬂ'

F-SPE

92% (91% ee)
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4.4, Table 4
Reactions with fluorous chiral auxiliaries
Chiral Auxillary Transformation Ref}
O O o 66
% HN)LO Bn\l)-L oMe Mg, Et,0 B\H'Lgfh LiAIH(OtBu),
—_— —_—
T \—/ N HN._ _ OEt Rfhl HN Y OEt  EtOH
> A CeFys \L[Jf (3 equiv) -78t0 25 °C
E 39 F-SPE 42%
=0
3 on o
= Bn\l/\th NaH, THF HN)L o
—_—
3 "'NYOE‘ F-SPE &,
7 B8R Rfh
o) o]
= 95% 39, 99% ee
- (anti:syn >99:1) PR
\)OL j\ 6 o 1) TiCl, (1.1 equiv) o/
DIEA (2.5 equiv)
N o \)kN)LO CH,Cl,
S \— 2) PhCHO (2.5 equiv)
B GFy N NH,CI
Bn C.F.; 4
z 40 F-SPE
T
' OH O O OH O O
> X AN
> Ph N Yo + Ph 7 N0
= \/ S
> &, 3
Q Bn C.F,; Bn CeFir
QZ, 94% (>99:1)
wn 3
o o O
8~ | b E TR YRR
= SN 755G NP
Bn CoFr o o THFICH,C, \—/
n
41 817 F-SPE 91% Bn CeFyr
(diastereomer
ratio 7.2:1)
o O O Ph - o0 O *
z X i A
— N -
T /\)LN o) /\\\)I\NJ\ o Ph’ o N)ko
o) \_/ \ \_/
> o, - Mg(CIO,), N R’
,1-’ Bn Rfh By “Rfh CH,Cl, 24h Ph Ph Bn Rfh
= 42 F-SPE 92% (exo:endo = 69:31
o Rfh = (CH,),C4F 5 endo 81% de, exo 88% de)
<
)
S
c
7
Q
=
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Reactions with fluorous scavengers

4,5 . Table 5

Page 32

Scavenger Transformation Fx;gf
P NS CE NCS 60°C, 6 h
T e CH,CI
x o O,k o + NH, 272 H N\ NH
: N
> 43 (1 equiv)
> 4 \ FepE R
= amine scavenger N / S
) 1.5 equiv 100% (95% pure)
< 7T
[0) /\/CsFt? 7\
> OCN NCO
c =N
8 44 ©/ CH,CI, .
g- amine scavenger + . J
- /N 44 (1equiv) H N
HN N g N—§
/ N F-SPE 7%
Ph
1.5 equiv 100% (95% pure)
/\/Can NH OMe "
HS
45 DIPEA o
= active halide * ome _ THF _
I .
"U scavenger o 45 (2.5 equiv) N
> F-SPE
> Br .
%-: 2 equiv 93% (89% pure)
o C.F H H 73,74
% HS/\/ 8" 17 OYN OYN
2 9 O “
= active halide O/ PS-DIEA O
(@] scavenger HN + CH,CI,
=. e
=l o I 10
‘ F-SPE O
O Br 0
excess O 93% (>95% pure)
PN 77
> HS /vcsF17 Ph NH, THF, 25 °C H H
< + —_ AN N Ph
T 10 op~Nco 10 (1 equiv) Ph b
3 isocyanate scavenger F-SPE 0
> 1.3 equiv 93% (>98% pure)
= cl CF —COCl 4
5 N eh PS-DIEA H
2 5 + B — F’h/\/N\H/Ph
46 (1 eaquiv)
> 46 P F-SPE o
g amine scavenger 1.3 equiv 96% (>98% pure)
&
_§.
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Scavenger Transformation R7§f
C[YCTFw 0 o)
I 1) Et,N «ll
0 m'ﬁ. Me~*S—cl —— = e=S—N
46 U 246(25eq) o
amine scavenger excess F-SPE 94%
* [358]
74
HOSS—'CSF‘W Ph _/8020' i H ?l)_/Ph
47 + 47 (1equiv) N—s

amine scavenger

R [l

NH 0
/O/ 2 F-SPE CI
Cl

80% (>95% pure)

1.3 equiv
ClO,S-C4F,, CI/\/NMEE 74
48 (1 equiv)
48 + EEmm—— P /‘\\/I'WIHMB2
base scavenger P . F-SPE Ph™ O
Ph O-Na
88% (>98% pure)
1.3 t—.\qui\.r
7 G SPh "
o @fu PS-DIEA OH
49 49 (1 equiv) F
thiol scavenger PhSH F-SPE
1.3 equiv 90% (>96% pure)
76
~~~_~NHBn 1) F-NMM e
Ph ) 2
(p’ \ﬂ/ CiFis . (1.5 equiv) F’h\/\N/S\/CF3
—_—
CFs  2)50(1.0 equi J
_ ) 50 (1.0 equiv) Ph
H N\/l/ \I\/NH clo;S F-SPE
1.3 equiv 88% (>95% pure)

50, F-Tris
sulfonyl chloride scavenger

cqel

Ph” X toluene Cé
Ph_ = 155 °C, 2d 5 b

i

0 6 13
51 F-SPE
dienophile scavenger 66%
0 77
N )\N A~ CeFir
N
e | OO
g8 17
0 25°C, 2h ’.@
52 F-SPE
dienophile scavenger 69%

Tetrahedron. Author manuscript; available in PMC 2008 May 27.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

Zhang and Curran

Page 34

Ref

Scavenger Transformation
S/““vcaFﬁ o
A o I\
N™ N + /Q »\ S
Me SH
A MeO S
cm N Cl 1.0 equiv 1.5 equiv
53, F-DCT o
hiol 1) 53
thiol scavenger (0.5 equiv) S S<_Me
e A
2)MP-CO;  peo N—N
F-SPE

71% (94% pure)

DIPEA
CH,Cl,

38
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4.6. Table 6
Reactions with fluorous protecting groups
Protecting Group Transformation R;gf
CoF 17 cr.  DPRSIC, CoFr
< 817 CH,CI,/BFT
= 2
L HO Et;N, reflux Ph\Si’O
) HO — 7]
> CoF,, 2) cyclohexanol o CoF
> 54 c,F, EtN CHCI
= DMAP, 25 °C
3 F-SPE
=i 47%
< Ph (CH,),0BPFOS 80
TFA
§ Br_éi_/_caF” = 2/g CH.Cl, _ (CH,);0 BPFOS
0 I NHCOR F-SPE
Q t-Bu ! NHCOR
= 55, F-BPFOS-Br O/ OH
P
CeF s BT
(\/E Ph 56
o” s Cp,ZrCl,, AgCIO,
o] _ =
> 56, F-THP-S(O)Ph CH,CI,
= 4 AMS, -20 °C-25°C
I F-SPE
o
> HO F-THP-0O 71%
82
E Rfh Bh NH,-CgH4
= Ph 57, Et,N EDCI, HOBt
S THF/H,0  F.cBz o4 CHCI/DMF
< H.N OH — N _— =
5 o O_{) 2 F-SPE H o § F-SPE
S . 0
S & o 97%
Q Ph
= ©
57, F-CBz-OSu F-CBz. NH-C.H,
Rfh = (CH,),C4F - Ho5
62%
Ph\/: 0 R1-NH-R? " =
N-O_ 0O Rfh EDCI,HOBT R
2| <K SalE- —Weg
E 0 F-BOC/N F-SPE F-BOC/N R
"U 58, F-Boc-ON 21-100%
> Rfh = (CH,),CqF 13 o
> TFA R1
= e N~
Q
= 5-100%
D
S
c
17
Q
=
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Protecting Group

Transformation

Ref}

84

Ph)z Rfh NH récro . 100°C
N-O_ O H 2 1.5 equi Lw,
.5 equiv ;
NC lr x E-Boc™ ¥ . Oy Ph N 20 min
CO,H R4NC F-SPE
58, F-Boc-ON
Rfh = (CH,),CqF 5 1.0 equiv 1.1equiv  1.1equiv
Q )
R%)J\ R¢  TFA-THF e IR
N pw, 100°C ’
Oy N __20min_
o SO T X j@
PhHN
F-Boc
9 examples
2-step yield 51-81%
purity 52-85%
Ph>: NH R3CHO MeOH 84
N-O.__O._Rfh H : 1.5 equi pw, 100°C
.5 equiv .
R VN F-Boc™" N _20min _
OH R4NC F-SPE
58, F-Boc-ON ) _ _
Rfh = (CH,),CeF 15 1.0 equiv 1.1equiv 1.1equiv
F-B
°¢ TFA-THF \
NH, uw, 100°C \
@ J_@ 20 min "
—_— H
Ny F-SPE N.
SjﬁrN\ » R Ré
R o)
0 9 examples
2-step yield 11-67%
purity 25-96%
Rfh 59 85
Ph Et,N Ph
Q COH —— > CoH
H,N MeCN F-Fmoc-HN
. F-SPE 94%
—o__d ‘ Ph~>_
il . Co,Me -
© Rfh ? H
DCC, HOBT Ph N
59, F-Fmoc-0OSu —hEt N CO,Me
F-Fmoc-HN 0
Rih = (CH,),CeF 15 CHCI; DMF
0,
F-SPE 89%
56|
Pt
Cl O/\/\chw 0] O DlgDEA © ©
Bu Bu
60, F‘MOM‘CI K CH CI ‘:- %
740 oM 0% 746 ‘o—F-Mom
F-SPE 69%
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Protecting Group

Transformation

Ref}

Rfh

61
Rfh = (CH,),CsF 45

Boc

NHO N

: Rfh |i\D:COH

0
12TFATHF N*%_)\
j/\/T ©;7’N
120:" 10 min @

e o )

MeOH

—_—

W
W 120 °C, 10 min

F-SPE

87

\an F-SPE
78% 66%
88
M
OHC—Q—O—th OMe Br
th—o@cma NaBH(OAc), R'

MeO 62

Rfh = (CH,),C4F,;

+

R1
D
H,N )

R2B(OH),
Pd(Ph,P), K;PO,

Rfh—0O

Rfh—0O

/
R20,S

CH,CL,rt,3h  9Me )
—_— N n
F-SPE /@fH

Rfh—0O

1|
oMe T R3S0,Cl, MTDA

uw, 120 °C, 20 m‘i‘r; \ n
F-SPE H

CH,Cl,, rt, 18 h
—
F-SPE

TFA/TES/H,0/CH,CI,
(5:5:0.5:89.5), 25°C, 3 h

3 -
=1
W W
N+')n
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Protecting Group

Transformation

Ref}

HO\/\Si’\/\\
VAR
Me Me

63, F-TMS-OH

CSF1T

o) Boc-AA-OH
DMF, 25 °C F-SPE
F-SPE

NH HATU, HOAt  TBAF, BnBr
F-TMSEO 2 e
1) TFA, CH,C,

2,4.6-collidine  THF, 25°C
o -
N._ A 2) Boc-Phg-OH TBAF, BnBr
F-TMSEo)j’\\n/\NHBoc ) Boc-Phg-OH TBAF, BnBr
0

89

\/@/\/caFﬂ
Cl (@]
D

HATU, HOAt THF, 25°C
2,4,6-collidine F-SPE
80% DMF, 25°C
F-SPE
0
o ., - o 63%
N.__~ NHB
B0 \"/\NJ\r oc
o H py
95%
Peptides 250

GCCSLPPCALNNPDYCamide
RQIKIWFQNRRMKWKKamide

59% (91% pure)

© 7% (72% pure)
64, F-Cbz-ClI
50
il oTDS  TMSOTY o O o o
CIYO\)\ o glycosyl donor o
o o o N ————> OQAco_ O HN
H Froc  DMAP on Froc
65, Froc-Cl %o F.SpE  AcO c
AcO 85%
/(:‘O
Zn Ph 0 O oTDS
W:- OAco_ O NHAc
F-SPE AcO OAc
AcO 82%
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Protecting Group

Transformation

Ref}

91

Ve OH
N. _Rfh 66 HO
/@/ N OAc 1)NaOH, EtOAc Q
S
HS © AcO’XS;‘E\ 25°C, 2h HO
66 AcO OAc), 2)MeONa, MeOH o
r 259C,5h N
Rfh = (CH,),C4F 47 100% . ) Rfh
e
BzCl, DMAP BZQE\L B0
pyrldlne BzO
T25¢C, 15h O o NIS,AgOTf,CH20|2
F-SPE N MS-AW300, -78 °C
83% Me R F-SPE
OBz
BzO O
0
0Bz—&70 o)
BzO
BzO
BzO OMe
76%
75% 66 recovered
tBu 67 92
Rfh
Br—éi—O/ AcO o imidazole AcO o tlBu
|I3h ACO% DMAP ACO%O-?i—O\
A ’ AcO
67 “OTRHN  *OH CH,CI, CO— N ph  Rfh
Rfh = (CH,),CoF 17 F-SPE 85%
93
}BU _Rfh AcO o 67 (2.2 , AcO o }B“
Br—%I—0 Acoo’%ﬁ% (22equv) o 0-Si-0,
P he NHTroc  Et,N,DMAP  “°°7"  NHTrocPh R
o CH,Cl, 100%
Rfh = (CH,),C4F,;
AcO OAc ( )
OBn TBAF (1.5 equiv
ﬂ AcO o OBn THF
OAc 0
F-SPE AcO o_,0 O—Si(t-Bu)(Ph)O—Rfh
C
%Ac NHTroc
AcO
AcO OAc
OBn
AcO o OBn
OAc Q
OH

V/

AcO Lewis a, 75%
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4.7. Table 7

Page 40

Displaceable Tags

Transformation

Ref

Br—Sn(CH,CH,C4F,5);

125
I

94

(Rfh),Sn
69 AcOH, H,0, MeOH H
pr Na['Zl], iodogenr N‘*pr
F-SPE 0
Rfh = CGF13C‘,H2CH2 85% (>98% pure)
0SO,C,F,, Suzuki reactions =
R
OHE C,F,,0,S0
70 Pd(dppf)Cl, o MeO
K,CO, H
\ AN
pw g o)
120 °C, 10 min
B(OH}Z F-SPE 78%
0SO,C,F,, %
G @5
OHC C,F,;0,80 Pd(dppf)CI
70
pw
100 °C, 5 min
T1%
O\ F-SPE ’
0SO0,CFy, HCO H OMe v
@R C,F,0,S0_  OMe  Pd(dppfiCl,
QHC K CO
70 o
100 °C 20 min H
F-SPE 85%
0SO,C4F,, BuNH, 98
R C,F, 0,50 Pd(OAc), H
__BINAP BN
OHC
T Cs,co,
70 80-90 °C, 48 h J
F-SPE 66%
30
‘ NG 71, Pd,dba,, BINAP
\@\ t:BuONa, PhMe, 80 °C
HN
‘ 5 F-SPE
Rfh
71 86%

Rfh = (CH,),CsF 7

1.2 N HCI, THF, 25 °C

MP-CO, NH

F-SPE 2
95%
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Displaceable Tags

Transformation

Ref

: .S—Rfh

72, FluoMar
Rfh = (CH,),CqF 47

HO

0}

72 S—Rfh
OH (0]
DIC, DMAP TFA
> (0] —_— >
N F-SPE F-SPE
ri -~
Boc Boc 71%

/©/s Rfh o
R'PhCOCI O)L O)LNHRZ
Et N RZNH 0N

100

T FsPE
R 73-78% R' T 21-100%
C.F N 10T
8" 17 “
Hs ™ OIS 10 RINS. A~ FC~_NH
10 NN —— I E—
R = (CH,),CyF 17 1 DPEA T F-SPE
69%
RfhS ~ thOZSW NUCW
| |
NI _N Oxone N\I¢N nucleophiles N__N
N — N T
. N’ F-SPE N
N)\ / )_;'* / N)\ ),
F3C F3C FBC
85% 91% 75-93%
Rfh = (CH,),C4F;
CeF 1) m-CPBA 102
SN 8T
HS Pr CH2C|2
10 250°C,2h

)10, CH,Cl, 18h N ‘
(0] B
T O\ 2) BF,.0Et, 1 h &r 2) K,CO,, Mel

F-SPE Rfh—S 40°C,2h
85% F-SPE
Pd(PPh,),, EtaN N _Sml,
\ TFSPE
F- SPE
o’ Rf“ O’ \th
5 60% (last 2 steps)
;
N
0
.
N T™MS Rfh = (CH,),CsF 47

88%
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Displaceable Tags Transformation, Ref
S0,Cl | — 03
{ 73 PdCl,(dppf), \
csFﬂ CsFﬂ N DMAP, Et3N HBEin N\
H 88% Et;N dioxane F-BS
73, F-BS-CI 80°C,4h 88%
0 o
MeO Br 0 BPin
MeO Br N
Br ‘ N
O OMe TIPS
Pd PPh,) Vo5 Pd(PPh,),
T, CO PhH T1,CO, PhH
80 °oC, 24 h F-BS o 80°C, 24 h
F-SPE 100% F-SPE
CsF
THF/MeOH
—_—
25 °C, 30 min
F-SPE
1) Mel, Cs,CO,
DMF, 25°C, 1.5 h
96%
2) Mel, NH,CI
THF/MeOH
5¢°C, 2h
F-SPE
104
O RZEX“j\ X =N, CH
R N” “NH, LW
OHC 150 °C, 10 min
+ —_—-
70 cHo F-SPE
C,F,;0,S0 R3NC
3
ﬁ ., R
R! R4ArB(OH) i HN
2 —
N g2 Pd(dppfiCl JN L R2
)\/ R2 Pd(dppf)Cl, O . A _x
LW
0S0.C.F 150 °C,10 min . O
278 17
F-SPE 16 examples

last step yields 8-58%
purities 20-91%

Tetrahedron. Author manuscript; available in PMC 2008 May 27.



Zhang and Curran Page 43

1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

Displaceable Tags Transformation 1R635f
0SO.C.F 2 o)
e R CHO R Et,N, DMF
R + J\fOR + REN |
OHC C,F,;0,S0 H,N o
0 o} 150 °C, 15 min
70 10 . . . F-SPE
.0 equiv 1.2 equiv 1.5 equiv
1
QH R.cor O H RT_\COZR
NH RAB(OH),  _oN NH
' 2 pw gH )
R 1200C, 20 min R
F-SPE
0SO,C,F,, Ar—-R
(0] NH, j)\ 106 |
O NH - Et
thOJ\%R Mz Et—NCO NN
74 RO CF,Ph NaH, DMF OMCFZF’h
Rfh = {CH2)3CBF17 F-SPE 76%
0 o RINCX 107
Rj)LOth . RecHo  RMOO Et,N
%Oth —_— I L
NH, NH, NaBH(OAc), RF>nH  CHLCL,
75 R2
Rfh = (CH,),C4F 17 80-90%
ol
RfO__0 _R®
i HN™ o) “%x
R N’gx F-SPE N
L R LRE
R 85-99%
0 0 5 108
R
RW)LOth RzNw 75 3 ory R¥PhCOCI
NH, 0 + —l-i-- R&N NHO e
4 nw
Rfh (gﬁ)CF 0 g - oH M F-SPE
= H
2/3%8" 17 N—)_ 0
o)
ORfh
R® R' O
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Displaceable Tags Transformation 1R639f
R2
R*l)kc:uﬂfh NO, N
NH, Gl S B OAJ\r \(l\r 3 equw
75 Nz F-SPE
Rfh = (CH,),C4F 47 1.5 equiv
C\'},ﬁ Y R2
ON N N j
H /)= H,, Pd/C 7N uw
0 N \Y p N S H N —_—
}—(1 N—7 122h O \_Z 150°C, 15 min
RfhO R F-SPE HR'
RfhO
0] 3
R x\/@’R3 ? ®
NH (Y e RI\I)L
HN\[/L\\(N\)_ —_—
| NaHMDS
NN LiBr
o 0 110
R
‘HLOth H,N \)l\ ORfh Et,N
NH, toluene
T
75 uw
Rfh = (CH,),C4F 7 CHO 150 °C, 10 min
SO -
4 eqUiV 39%
(0] CHO 111,
R
j)I\Oth 0 "o
NH 3
; R2 N ok
75 1.0 equiv ORfh
: Et,N, DMF NH
Rfh = (CH,),CqF 17 o 4 b o Oy
il
RN | 72 4300C, 20 min
1.2 equiv F-SPE R2
0
1.5 equiv
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Displaceable Tags Transformation Ref
o 111,
R*I)k fur
ORth R3 ’ R4-PhNCX
NH, N (5 equiv)
NH ORfh  ———>
75 o uN DMAP
Rfh = (CH,),CgF 1, : LW
@ F-SPE
RZ
4
D e
R=
DMF N N
F-SPE v N
HPLC OH : X
@ 75-85%
R2
o) o) TIT
0O H Meo
Rj)LOth e g e P CICH,COCl  Et-y L
N ORfh
NH, Et;N N
NH ORfh oW cl
75 O W X 25°C, 30 min :
: (0]
= (CH,);CF 17 @ F-SPE Q
OMe OMe 959
(0]
£ H Me]CJ:
t— o
RANH, N ORfh DBU Etwy
N
—_— ’ /
MeOH, pw OH I E/\H MeOH DMF © H
F-SPE
F- SPE HPLC
OMe OMe
90-92% 5-45%
o) TIT
Rﬁ)k HR o IL
r ORfh R, W COCI Oth
2
ORfh
75 o N ELN.OMF O
Rfh = (CH,),CgF,; @ F-SPE
R? R2 74-80%
o o]
R3 H R lL 0 ,0 H

a R
N ~"“ORfh  pRU R3 H
' N © dioxane N
— 7N NH, - N
: [} ¢

Hw H Y
F-SPE 0
HPLC
R2 Rz
65-71% 45-58%
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Displaceable Tags

Transformation

Ref

0S0,CF,,

R
OHC

70

o
R2
5y e
C,F,;0,80 NH,

172

NaBH(OAc),
AcOH, CH,Cl,

R1 R2
/KWOEt
N
,@f\ H o
C,F,;0,S0

l F-SPE

cocl
l Et,N, CH,CI, l R@
F-SPE

O

. @”
C,F..0,S0
BT \@' F,,C;0,S0 A\G

K,CO,
R4ArB(OH), Pd(dppf)Cl, R4ArSH

pw
150 °C,10 min
F-SPE

R‘A’\./@A %NO , R ,®/\ ;\@r

Et

95,96
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Displaceable Tags

Transformation

0S0,C,F,,

R
OHC

70

R! o o

CHO 1
+ (EtO);” R2
C,F,,0,80

NaH, THF | £
0-25°C, 1 hi F-SPE

R! 0
T
DA
C,F,,0,S0
R3

F-SPE
/&NH i

H,N \
1 N™ N
R l
=
.
C,F,,0,50
RYArB(OH), R“Eg('é A
Pd(dppf)Cl, BINAP
pw HCOH F-SPE
F-SPE Pd(dppf)Cl, 3
R3 'J'W JR\
T F-SPE N

1 N™ =N R N|
R | z
R3 ‘ ,
© L R ?
ReAr NSy REN

=
O
R1

Ref
95,97,98]
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Table 8
Suggested maximum loading solvent volumes for CgFq7-tagged substrates

Maximum loading volume

= Solvent 2 g cartridge 5 g cartridge 10 g cartridge
.I THF 0.2 mL 0.5 mL 1.0mL
) CH,Cl, 0.2mL 0.5mL 1.0 mL
> MeCN 0.2 mL 0.5 mL 1.0mL
> MeOH 0.2mL 0.5mL 1.0mL
c DMF 0.4 mL 1.0mL 2.0mL
= DMSO 0.6 mL 1.5mL 3.0mL
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