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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.! The ‘reaction and separation stage’ produces
a new organic molecule while the ‘identification and analy-
sis stage’ proves what the molecule is and how pure it is. The
yield of every organic reaction depends on both the effi-
ciency 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
changed for a decade or more.

The concept of the ‘ideal reaction’ serves as an inspiring, if
unattainable, goal for basic research in synthesis.> 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’.!®® It is rare that a new, generally applicable sep-
aration 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,? the technique has matured rapidly and is now
ready for prime time, as illustrated by the expanding uses
over the last 2-3 years.* After a brief introduction of two
varieties of F-SPE—standard and reverse—we provide com-
prehensive 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 introduc-
tion of F-SPE. The earliest work in the fluorous field focused
on introducing large (therefore ‘heavy’) fluorous tags onto
organic and oganometallic reaction components (catalysts,
reagents, reactants, etc.).>® These tags then rendered the re-
sulting tagged reaction components soluble in fluorocarbon
and other highly fluorinated solvents, and enabled powerful
techniques like fluorous biphasic and triphasic reactions,
biphasic and triphasic liquid-liquid extractions (LLEs),’
thermomorphic reactions, and more.® 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 fluo-
rines) 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.>%-10

Figure 1 compares and contrasts a pair of related heavy and
light fluorous alkene metathesis'! catalysts. The heavy fluo-
rous catalyst 1 is a copolymer of a catalyst component and
the fluorous acrylate.'> (However, many molecular heavy
fluorous catalysts are also known.) It is freely soluble in
FC-72 but is insoluble in organic solvents like CH,Cl, and
EtOAc. Following a reaction with a substrate in C¢HsCF5—
CH,Cl, the catalyst is extracted away from the products
with FC-72. Multiple cycles of recovery and reuse were con-
ducted. In principle, it makes little difference that heavy cat-
alysts like 1 have low or even no solubility in the organic

A heavy fluorous Grubbs-Hoveyda catalyst 1

CWBU-Z °
: o)
o o
iPr’ o = C.F
8 17
fluorous polyacrylate

catalyst

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

soluble in C¢F 44, CgHsCF3;

not soluble in CH,Cl,, EtOAc

A light fluorous Grubbs-Hoveyda catalyst 2

Cl
,0
iPr CgF47
catalyst fluorous tag

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

many other organic solvents;
not soluble in CgF,,

Light catalyst 2 in action

1)1.3 9 (3%) 2
COMe  cH,cl,

TBSO =
FANNF 40°C, 2h
TBSO 2) F-SPE
3,15.0g 4, 1.3 equiv
CO,Me
TBSO O~ s
TBSO

from F-SPE fraction
1.0 g, 77% after
recrystallization

5, from organic spe fraction
10.9 g, 59% after
chromatography

Figure 1. Comparing and contrasting light and heavy fluorous Grubbs—
Hoveyda.
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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 reac-
tion 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 proper-
ties from heavy cousin 1."* A 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 dictyo-
statin."* In a typical 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. Recrys-
tallization 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 reac-
tion 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 solution-
phase methods rather than solid-phase methods because
the fluorous reaction components are molecules, not mate-
rials. Light fluorous molecules are often soluble in a broad
range of standard organic reaction solvents and exhibit reac-
tivity comparable to their non-fluorous parents.'® In other
words, their reaction features are readily predicted. Fluorous
molecules can be routinely analyzed by all standard spectro-
scopic 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 pro-
cedure that resembles more a filtration than a chromato-
graphy. 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 classes: standard
and reverse. The standard or original solid-phase extraction
is much more common and involves the partitioning be-
tween a fluorous solid phase and a fluorophobic liquid
phase.* This technique has been used in many settings (man-
ual 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 (standard
silica gel) and a fluorous liquid phase. While there are cur-
rently only a few examples, the reverse F-SPE technique
has considerable potential. Both techniques have been de-
scribed in detail*!” and we provide here a brief summary.
Section 5 of the report on practical aspects is for those plan-
ning to use the standard F-SPE technique in the lab.

SPE'3 and chromatography are related because both involve
partitioning between solid and liquid phases, and the transi-
tion 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 chroma-
tography, 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 chroma-
tography, 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 sol-
vent.'® 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 fluo-
rous) solvent, as illustrated in Figure 2. The fluorous solid
phase is typically silica gel with a fluorocarbon bonded
phase (-SiMe,(CH,),CgF,7), and this is commercially avail-
able from Fluorous Technologies, Inc. under the trade name
of FluoroFlash®."”

Me Me
\ / F FF FF FF F

Si—-0—Si
F

FFFFF FFF



11840

fluorophobic pass

fluorous
fraction

fluorous
silica gel

organic
fraction

80% MeOH/H,0
90% DMF/H,0

W. Zhang, D. P. Curran / Tetrahedron 62 (2006) 11837-11865

fluorophilic pass

fluorous
silica gel

fluorous
fraction

MeOH, MeCN
THF, etc.

fluorophilic pass

organic
fraction

standard
silica gel

fluorous
fraction

fluorophobic pass

standard
silica gel

organic
fraction

100% DMSO, etc.

Figure 2. A cartoon of a ‘standard’ F-SPE. The organic fraction is blue and
the fluorous fraction is red.

Briefly, a crude reaction mixture containing both fluorous
and non-fluorous reaction components is charged onto fluo-
rous silica gel and then the silica is eluted with a fluorophobic
solvent like 70-80% MeOH-H,0, 50-60% CH;CN-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 fluo-
rous compounds are retained on the silica gel. In the ensuing
‘fluorophilic pass’, elution with one of many organic sol-
vents (water-free MeOH or CH3CN, THF, among others)
then provides a fluorous fraction containing those com-
pounds 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 differ-
ent 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,!” 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
fluorous®® and organic solvents are used 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,'’
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 fluoro-
phobic pass can be conducted with any standard organic
solvent.

Perfluoroalkyl alkyl ethers like HFE-7100 are preferred over
fluorocarbons because the fluorocarbons have very poor

FC-72/Et,0 hexane/EtOAc,
HFE-7100/EtOAc, or any standard
etc. organic solvent

Figure 3. A cartoon of a ‘reverse’ F-SPE. The organic fraction is blue and
the fluorous fraction is red.

eluting power (even for most light fluorous compounds)
and they have limited miscibility in organic solvents. Be-
cause of this, the range of fluorophilic blends with such sol-
vents 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 compo-
nents. While we still have limited experience, we currently
feel that reverse F-SPE exhibits the most power when used
to separate relatively nonpolar fluorous components from
relatively polar organic components. Of course, such kinds
of separations might also be conducted by standard chroma-
tography with traditional solvents like hexane—EtOAc. How-
ever, the replacement of nonpolar 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 fluo-
rous component.

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 nega-
tive) or by gravity. Commercially available FluoroFlash®
SPE silica gel®! 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 um, gravity SPE is possible.??
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Figure 4. 2x12 Vacuum SPE manifold.

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 2x 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 func-
tional 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-formatted. Figure 5 shows a 24-cartridge
plate and a 24-well plate of VacMaster® from Biotage.*}
Similar systems are also available from United Chemical
Technologies, Supelco, and Waters. If 40 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 frac-
tion; (3) a six-channel pipette is used for parallel sample
loading and solvent loading; and (4) the Whatman® receiv-
ing plate** 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 puri-
fication of small libraries produced involving amine scav-
enging reactions with fluorous isatoic anhydride, amide
coupling reactions with F-CDMT, and amide coupling reac-
tions with a fluorous Mukaiyama condensation reagent.?>?

The 96-well F-SPE plate is more suitable for parallel synthe-
sis 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.?*" 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.??> 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,”® but it is less popular in synthetic
labs (Fig. 7). The workstation can have up to 10 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 small amounts of
solid. Pump-controlled solvent delivery gives accurate sol-
vent volume and flow rate. Each module conducts 10 SPEs
sequentially. A maximum of 10x10=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 the separation of 10-100 mg samples.
Relative to the plate-to-plate SPE, the RapidTrace® unit
has higher upfront instrument cost but significantly saves
manpower and provides consistent results.>>"

Figure 5. 24-Cartridge (left) and 24-well (right) SPE plates.

Figure 6. Ex-Block for 96-well plate-to-plate F-SPE.
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Figure 7. RapidTracc® SPE workstation (left, single unit; right, 10 parallel units).

Figure 8. Biotage FlashMaster™ II for variable-scale F-SPE.

Commercial systems from Isco and Biotage are available for
large-scale F-SPE or flash chromatography. Among them,
the Biotage FlashMaster™ II can handle up to 200 psi back
pressure, which is more suitable for fluorous separations
using MeOH-H,0 and MeCN-H,O as the elution solvents.
This system has 10 channels; cartridge sizes from 5 to 100 g
can be easily fit in (Fig. 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,?’
: i 28 : .29 30
peptide synthesis,*® proteomics~” and other areas” are not
covered here. Nor do we cover other uses for fluorous silica

gel including HPLC demixing in fluorous mixture synthe-
sis®! and catalyst/reagent support applications.>?

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 pro-
vided 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 sum-
marize 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 com-
ponent under the following headings:

e Reagents,>® Table 1: One or more fluorous reagents are
used in at least stoichiometric quantities, providing fluo-
rous byproducts. The precursor and the target product
are organic.

e Reactants, Table 2: A fluorous reactant is incorporated

into the product, but it is not a chiral auxiliary or a pro-

tecting group.

Catalysts,>* 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.

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

e Protecting groups,’® Table 6: The substrate and/or prod-
uct bear a fluorous version of a common protecting

group.
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e Displaceable tags,® Table 7: The substrate and derived A number of the more popular fluorous reaction components
intermediates bear a tag that is displaced with other shown in the tables are commercially available from Fluo-
functionalities, usually in a diversity oriented synthesis rous Technologies, Inc.,'® Aldrich, Fluka, and Wako (in
setting. Japan).

Table 1. Reactions with fluorous reagents

Reagent Transformation Ref.

F-SPE 71% (100% pure)

u

CHO
A~ SN(CH,CH,CFy3); Ej/V no solvent solvent
6 140 °C,4d 3
O OH
~y J\/kt_B
|

_A~Sn(CH,CH,CH,C4Fy)5

7 37
F- SPE
92%
t BuOH Et
TFSPE
'\|Ae 83°/
C1oF21 ?
H—Sn—/_
| 8 38
Me J/ #+BuOH
8 —
@ F-SPE N
\
Cbz

75%

Rfh Me
O MeO 9, CH,Cl, MeO
(AcO),l i

25 °C, 20 min
9 F-SPE
Rfh = (CH,),CqF 7 OH

39

@[ 10,K,CO5 HzN\ﬁPh
Hs/\/cst % Ji “MecN CO,Me 40

10 CO,Me F-SPE 91%
e :
5 k MePNBTF
" F-SPE

0,
Rfh = (CH,);CqF 47 2%

Staudinger reactions

HoN N\I 12 _
=N THF, H,0 N>_$/N o
Ph,P(CgH,CH,CH,CeF 13) N\\—l\f 0 25°C > NN )/\2\\
12 o F-SPE G NH,

42

(continued)
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Table 1. (continued)
Reagent Transformation Ref.
Ph,P(C¢gH,4CH,CH,CgF47)
Mitsunobu reactions
13, F-TPP
O,N CO,H 13,14 O,N co,Me
L1 MeoH — o >
+
Rt AL LR e FSPE
NO
14, F-DEAD-1 NO, 2
Rfh = (CH,),CeF 15 93%
H F
0 g ° e
rin. JL L _tBu + OH "M _ o 4345
O 'N=N" O F F-SPE
15, F-DEAD-2
60%

Rfh = (CH;)3CF 43

S
_Rfh

th\o N=N" "0
16, F-DEAD-3

Rfh = (CH,)3CeF13

th/ojl/N\\(o‘th
NN
hd
Cl
17, F-CDMT

Rfh = (CH,)3CeF 13

NN
0 C8F17

L
A A

Cl N Cl
18, F-DCT

@CI CoFy
L
+

PFg

19, F-Mukaiyama
condensation
reagent

OMe

Rfh
OMe

20, F-Lawesson's
reagent
Rfh = (CH2)5CqF 17
(CHy)4CgF 47
(CH3)4CeF 13

oH 13,16
NG F FSPE /©/

98%

OMe

CO,H 0
Boc/O+ OMe ) 17, MMM H/\©
2) MP-CO, N
H N FspE  Boc” 25
57% (91% pure)

Me
0._CO,H
/©/ 18 (1 equiv) Me
cl + NMM Q
—
. THF v
equiv. Me NH, F-SPE Y
v ‘
Me_ cl
2 equiv 62% (99% pure)
COH ) 10
A\ HOB, DIEA 1) MeNH(CH,)3CoF 19

N HN 2) MP-CO,
< >\ /”\\ ;:> 47

e 95% (99% pure)

0__0 20 0__S
no solvent
—_—
©/\j 4#W, 3 min ©/\/j
F-SPE
85% 48,49
O i Oy
55°C.6h Ve
F-SPE N=N
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Table 2. Reactions with fluorous reactants
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Reactants Transformation Ref.
Br 21 /\/\/\/CsFm
CeF13
|\/\/CGF13 THF-Et,0 Br
21 [(cod)CuCl] + S0
MgBr  F-SPE 97% (3:1)
CSF13
22
AIBN (10%)
h
I-CsF16CF(CF3), )\/Snau3 _hexane _ )\/C“an .
22 80°C,2h
F-SPE 95%
\\ II\II—N CgFy7
Y
E 23 N
Ng,/\/cs 17 Cu(OAc),
23 N ascorbic acid 52
—_—
HO iPrNH, MeOH ;5 N
F-SPE
=
| =
S |
N SN 95%
Table 3. Reactions with fluorous catalysts
Catalyst Transformation Ref.
CHO
HO
NO, 24 7
) BTF, 60 °C NO,
—_—
P{< )—Rfh F-SPE
7/ + 9
Cl,Pt 2 NO,
24 NO,
Rfh = (CH2),CeF 13 [C6F13(CH,)313SnCH,CH=CH, 100% (100% pure)
(Rfh),Si O O Ph
~ o) 25, Sm 0
O  oH OMe 2 Ph
THF
0} OH Ph —_—
OO e -45°C,2h
(Rfh);Si Ph F-SPE 53
82% (81% ee)
25 98% 25 recovered
Rfh = (CH,),CeF 15
(Rfh),Si Oe
26
S OH
OH MeO cHO TOT%  Meo ;
OH AL
20 [ER
(Rfh),Si F-SPE 54
95% (85% ee)
26, (R)-F-BINOL
Rfh = (CH;),CeF 13

CeF4

3
OO OH cHO 27:T£(2¢)1—)iPr)4
o C
C6F13

+ A~ SnBug

100% 26 recovered

WO
I

hexane
0°C,61h
27

F-SPE 88% (75% ee)

(continued)
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Table 3. (continued)
Catalyst Transformation Ref.
Rfh
PPh, 28 o
PPh, /lOJ\/ICJ)\ [RuCly(benzene)], HC}{')L
OMe 50 bar H,, CH,Cl, OMe 56
Rfh F-SPE 100% (80% ee)
Rfh = (CH2)2C6F13
Me Ph 29 OoH
N : 2 1 toluene/hex
| OH Et,Zn
. Me 25 °C,20 h
(Rfh),Si F-SPE 57
29 91% (83% ee)
Rfh = (CH,),CgF 43 100% 29 recovered
© Tf0/©>< 30 r!l
—_—
o b | 3% Pd(OAc), \ﬂ/ <
Ishaue! oD '
fh Rfh o) ] B yield
30, F-dppp A 60 °C,18h 94/6 46%
Rfh = (CH,),C,4Fq 4w 90°C, 15 min 90/10  46%
th\ /th CI\ _Rfh
CI—Sn—O—SQ
31 (10%
Rfh_ | | Rfh OMe (10%)
/S\n—0—§n\—C| HO\/'\./\/\CO Me —’CGHSC'
Rfh ¢ Rfh Rfh 2 LW 59
a1 Me 200 °C, 10 min
F-SPE
Rfh = (CH,),CeF 13
OH 32 (2%) OH
- CF. oT
[[CoF 15CHCH;8n0), cFs OH BNTC, O ° 60
32 CH,Cl,
25°C,1h
F-SPE 70%
O
H mH
=N N= 0 ) 56% (90.6% ee)
Co \/A 1) (R,R)-33, AcOH, air 61
D Cl
CsF1r o o CsF17 2)H,0,25°C, 15 h Y OH oy
t-Bu  t-Bu (R,R)-33 recovered cl
(RR)-33 by F-SPE
40% (98.3% ee)
Rfh _Rfh
o (0]
OH
(o] =
34 H
O O J\ S Cu(OTf Phjk/\CO Et
Ph Me H Co,et  Cu(OTh, 2
F-SPE 99% (67% ee)
77% 34 recovered
62

34
Rfh = (CH,)3CgF 47

o}
. )J\ 342

Cu(0TH)
F-SPE

TMSO S—t-Bu

CO,Me

t-Bu—S CO,Me

63% (65% ee)
77 % 34 recovered

(continued)
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Table 3. (continued)
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Catalyst Transformation Ref.
Me Me
o 25 o] CO,Et
[Ni{F3CC(O)CHC(O)CeF 13}2] + N=—CO,Et ————> 63
35 CDCly 3
o} o] NH,
25°C,24h
Me F-SPE Me
99%
PCy3
R P
cI” u= -T:
cl P S\/K 36 (5%) b\
—_—
AN CH,Cl, %
A 55°C,2h 99% 13
F-SPE 88% 36 recovered
= (CH2)3C5F13
N N
CI,,Y . p-Ts
Y
oI Rfh /\/N CHZC|2 13
A 55°C,2h 96%
F-SPE
2
Rfh = (CH,);CgF 7

91% 2 recovered

Sl_CeHIP_cst
|
CgTd—CI /©/ 37 (3 mol%)
S

CO,Me
MeO + Bu3N DMA /©/\/
37

140 °C, 45 min
Zco,Me

64
F-SPE 89%
CsF17

38 (0.1 equw /©/'\ 65
THF 25°C
—0
H/B O CgF17 c F-SPE
38

92% (91% ee)

Table 4. Reactions with fluorous chiral auxiliaries

Chiral auxiliary Transformation Ref.
o) (0]
Bn Bn )
OMe Mg, Et,0 Rfh LIAIH(OtBu),
HN.__OEt Rfhl HN_ _OEt EtOH
0o \ﬂ/ (3 equiv) \ﬂ/ -78 10 25 °C
Py 0 F-SPE o
N” O 42%
OH
. L 9 66
CeF n
e \I/\th NaH, THE 1N~ o
39 HN OEt F-SPE /
\lc])/ B Rfh
95% 39, 99% ee
(anti:syn >99:1)

(continued)
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Table 4. (continued)

Chiral auxiliary Transformation Ref.

o 1) TiCl, (1.1 equiv)
\/U\ )L DIEA (2.5 equiv)
CH,Cl,
- rer? .
\_/

2) PhCHO (2.5 equiv)

o NH,CI
\_/ OH o} OH o] .
BR  CeFpr )L /\/lL JL
Ph o + PhTY
40 H \_l
Bn CBF17 B" c 8F17
94% (>99:1)
o Yb(OTf),
o iPrl, BuzSnH O
A AL s T
X -78 °C
\ / THF/CH,CI, \—/
& B c eF17  F-SPE Bn® Can 68
Bn C8F17 91%
M (diastereomer
ratio 7.2:1)
i
/\/U\ o, ph - o0 o
A o 9 W=/
\_/ /\/U\NJL o Ph’ o NJLO
- - ! \
Bn R \/ Mg(CIO,), N 69
42 Bn “Rfn CM:Ch.24h  Ph phBn Rfh
= F-SPE
Rfh = (CH),CeF 13 S 92% (exo:endo = 69:31
endo 81% de, exo 88% de)
Table 5. Reactions with fluorous scavengers
Scavenger Transformation Ref.
NCS
60°C,6h
N CoF + NH,  CH,Cl \-NH
P /& 43 (1 equiv)
0”0”0 A\ F-SPE H,< 70
43 N
amine scavenger H
1.5 equiv 100% (95% pure)
7\
c NCO =N
oon > ©/ N
+ CH,Cl, Q
—_—
M /N = 44 (1 equiv) -
amine scavenger HN N—Q F-SPE N
/ N / / _ﬁ
1.5 equiv 100% (95% pure)
NH OMe
’ ~_-CeF1 DIPEA o
s _THE
. 45 . 45 (2 5 equiv)
active halide 72
scavenger F-SPE
2 equiv 93% (89% pure)

(continued)
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Scavenger Transformation Ref.
o N o N
Y Y
O O
CgF
A~ 817 Q/ PS-DIEA O/
HS HN N CH,Cl, N
10 @) 10
active halide o) F-SPE O 73,74
scavenger C] I
O Br o
excess O 93% (>95% pure)
CoF PR N, THF, 25 °C H H
HS/\/ 817 + " > AN N N ~ Ph
10 (1 equiv) Ph \”/
10 pr~ \—NCO F.SPE s
isocyanate scavenger B o) 7
1.3 equiv 93% (>98% pure)
Ph—COCI
C'\H/C7F15 . PS-DIEA HooL
—_——
o) _-NH; a8 (1equv)  PH T e
46 Ph F-SPE o) 74
amine scavenger .
1.3 equiv 96% (>98% pure)
CI\H/C-,F15 ﬁ ﬁ
1) Et3N
o] ©©\,H s Mets—c DESN Me=S—N
46 Il 2)46 (2.5 eq) o 75
amine scavenger excess o F-SPE 94%
* [358]
SO,CI
ph—" ° H—"? i
+ 47 (1 equiv) ﬁ
—_—
HO3S—CgF17 NH; Fspe o
Cl
a7 74
amine scavenger Cl 80% (>95% pure)
1.3 equiv
NMe.
CI/\/ 2
48 (1 equiv)
ClO,S—CoF 13 + _— 3 . ~_-NHMe,
48 o~ F-SPE Ph (0] 74
base scavenger Ph O—-Na
88% (>98% pure)
1.3 equiv
O SPh
OH
w/\can PS-DIEA
F .
49 49 é 1SquI:|v) F 74
thiol scavenger PhSH
1.3 equiv 90% (>96% pure)
N o)
(l,),SN\n/Cvo ph >~ NHBN 1) F-NMM w0
N O (1.5 equiv) Ph\/\N/S\/CF3
+ _—
CF; 2) 50 (1.0 equiv)
HzN\)/ LNH? clo,s—" F-SPE Ph 76
59, P-Trls 1.3 equiv 88% (>95% pure)

sulfonyl chloride scavenger

(continued)
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Scavenger Transformation Ref.
(0]
$ NA@\ Ph™ X toluene m
o CeFi3 Pho _— 155 °C 2d 77
F-SPE
51
dienophile scavenger 66% CeF43
o}
N/[< }\\N/\/CBFW
1l N
N\« _\_C8F17
) 25°C,2h ’.
77
52 F-SPE
dienophile scavenger 69%
o}
~CsF1z Br /E_T)\ DIPEA
S + —_—
L Me™ g7 "SH  cH,cl,
NN eO
)I\ /)\ 1.0 equiv 1.5 equiv
Cl N (¢]]
o 78
53, F-DCT 1)(%35 " S S
thiol .5 equiv Me
iol scavenger \« W/
2)MP-CO3 N-N

F-SPE
71% (94% pure)

Table 6. Reactions with fluorous protecting groups

Protecting group

Transformation Ref.

CsF17
HO

CsFi7
54

Ph
| C8F17
Br—?i—/_
t-Bu
55, F-BPFOS-Br

56, F-THP-S(O)Ph

. CeF17
oFi, 1) PN:SICl

[¢

CH,CI,/BFT Ph o

Et,N, refl Ssi”

HO 3N, reflux Ph/?|

2) cyclohexanol (6] C.F

Et;N, CH,Cl, 817 79
CgF17 DMAP, 25 °C

F-SPE
47%

(CH){OBPFOS  1pp (CH,);0BPFOS
CH,Cl, =
—_—
NHCOR F-SPE NHCOR

OH

80

56
Cp,ZrCl,, AgCIO,
—_—
CH,Cl,
4 AMS, -20 °C-25 °C 81
F-SPE

HO F-THP-O 71%

(continued)
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Table 6. (continued)
Protecting group Transformation Ref.
Ph Ph NH,-CgHy 4
57, Et,N EDCI, HOBt
Rfh on THFHQ  FcBz OH CHCIy/DMF
—_— —_—
H,N F-SPE H F-SPE
o (@]
o 97%
) O—< Ph 82
t’l o] F-CBz. NH-CgH 4
N
O H o
57, F-CBz-OSu 62%
Rfh = (CH,),CgF47
(0]
0 R'-NH-R? .
Ph oy  EDCI, HOBT N
N-O_ _O_ _Rfh F-SPE N R2
&K
] 21-100%
58, F-Boc-ON TEA o ] 83
Rfh = (CH,),CqF 5 = N
2 |
F-SPE HN 2
5-100%
NH R3CHO MeOH
H 2 ) pw, 100 °C
_N o._Ph  1S5equiv 20 min
F-Boc + Y +
CO,H RING F-SPE
Ph>= 1.0 equiv 1.1 equiv 1.1 equiv
N-O (o] Rfh
NC T X Q o
o R® .R*  TFA-THF 3 4
N > R R 84
58, F-Boc-ON o N H Hw, 1OQ C H
Rfh = (CH,),CqF 13 20 min fo) N
LD Fe I
NS
Ph HN Ph” N
F-Boc
9 examples
2-step yield 51-81%
purity 52-85%
NH, R3CHO MeOH
y 15equiv kW, 100°C
_N Ph ~eq i
F-Boc . OY . 20 min
Ph OH RANC F-SPE
NC>=N_O\[]/O><th 1.0 equiv 1.1 equiv 1.1 equiv
o
F-Boc
58, F-Boc-ON | TEA-THF \
Rfh = (CH,),CeF 1 NH, uw, 100 °C N 84
@ @ 30 min \
—_— H
N F-SPE
H 3 N4
R? Nope R R
5 (0]
9 examples

2-step yield 11-67%
purity 25-96%

(continued)
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Protecting group Transformation Ref.
59
Ph Ph
Rfh _>—002H _EN _>—COZH
H.N MeCN F-Fmoc-HN
2
F-SPE
6] 94%
. Ph—>_
CO,Me
— Ph
o DCC, HOBT Ph N
o Rfh TTaN CO,Me
3
59, F-Fmoc-OSu CHCl,, DMF F-Fmoc-HN o
Rfh = (CH,),CeF 5 F-SPE 89%
NANTN o (0] 60 o] (o)
c” o CsFyr Buﬁ /V/ DIPEA Bu: § 4
S CH,Cl, S
60, F-MOM-CI 746 on ovc 40 O—F-MOM %6
F-SPE

HZN/\©\
Rfh

61
Rfh = (CH,),CeF13

OHCOO—th

MeO 62
Rfh = (CH,);CgF 17

69%

e
HoN N NH-, _ MeOH _
H HW
Rfh CO,H W 120 °C, 10 min
o) F-SPE

I|300 9y H (0] 87
NH O NO 1:2 TFA-THF JS—)\
N2 TRA-THE
Clly e L
N 120 °C, 10 min z @th
o) F-SPE
Rfh
78% 66%
OMe Br
NaBH(OAc 1
th—o—GCHo (OAC); ome R
CH,Cly, t, 3h )
_— n
o F-SPE N
>—< >’Br Rfh—O
H2N )n
RZ
R2B(OH), .
PA(PhyP),, KsPO, oMe T R®SO,CI, MTDA
uw, 120 °C, 20 min O CH,Cly, 1t, 18 h
F-SPE H F-SPE
Rfh—0 88
R2
R’I
OMe ) TFATES/H,0/CH,Cl,
N (5:5:0.5:89.5), 25 °C, 3 h
3 3
Rfh—0 SOR F-SPE

(continued)
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Table 6. (continued)
Protecting group Transformation Ref.
o) Boc-AA-OH
NH, HATU, HOAt  TBAF, BnBr
F-TMSEO 2,4,6-colidine  THF, 25 °C
DMF, 25 °C E-SPE
F-SPE
HO\/\Si/\/\C E o} H = 1) TFA, CH.Cl,
8F17 N_ A _ N TBAF, BnBr
Me/ \Me F-TMSEO TI/\NHBOC 2) Boc-Phg-OH h
o} HATU, HOAt THF, 25 °C
63, F-TMS-OH 2,4,6-collidine F-SPE 89
80% DMF, 25 °C
F-SPE
63%
O H = O °
N A NHBoc
BnO mANJ\r
o M pn
95%
CgF
g Peptides
CITO GCCSLPPCALNNPDY Camide 59% (91% pure)
(o) RQIKIWFQNRRMKWKKamide 7% (72% pure) 28b
64, F-Cbz-Cl
~_0
o. 9TbS  1ymsoTe Ph" g O oTps
glycosyl donor OAc o N
°© N‘Froc DMAP ‘Froc
FOHO H F-SPE  AcO OAc
Br Ph
Cle Ok AcO 85%
\IC])/ c8F17 90
O 0
65, Froc-Cl 7n Ph g OTDS
Ac,0O/Et;N OAcpn_O NHAc
F-SPE ACO%AC
AcO 82%
OH
66 HO °
OAc 1)NaOH, EtOAc  Ho
o S
Aco/% 25°C,2h HO
AcO 2) MeONa, MeOH @
OAcg, 25°C,5h 0o
: N e
100% Me
B20 OBz OHO
Me ¥4
o) BzO
N R BzCl, DMAP BZOE%,S Bz0
/©/ \n/ pyridine BzO Bz0 e
HS 0o 25°C,15h @ o  NIS,AgOTf, CH,Cl, 91
66 F-SPE N4 MS-AW300, -78 °C
Rfh = (CHy),CgF 7 83% Me R F-SPE
OBz

BzO o]
BzO
BzO
BzO OMe

76%
75% 66 recovered

(continued)
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Ref.

Protecting group

Transformation

tBu
_Rfh

Br—?i—o
Ph
67
Rfh = (CH,),CqF 17

|m|dazo|e
AcO DMAP
AcO CHZCIZ

F-SPE

co/%/o -Si-
AcO 92

85%

AcO AcO }Bu
ACO%OH 67 (22equiv) aco O o—?i—o\
AcO NHTroc  EtN, DMAP AcO NHTroc Ph~ Rfh
CH,Cl,
100%
AcO OAc
OBn TBAF (1.5 equiv)
tBu
_Rih StePs _ AcoO OBn THF
Br—§i~0 Tt o 9
Bh - 9 o 0—Si(t-Bu)(Ph)O—Rfh
AcO
67 OAc NHTroc 93
Rfh = (CH,),CqF 7 AcO
AcO OAc
OBn
AcOX -0 OBn
OAc O oH
o O
AcO
%Ac NHTroc
AcO i
Lewis a, 75%
Table 7. Reactions with fluorous displaceable tags
Displaceable tags Transformation Ref.
125
(Rfh),Sn I
AcOH, H,0, MeOH H
Br-Sn(CH,CH.C¢F13)3 Na['?51], iodogen Nep o
69 F-SPE 0
Rfh = C4F15CH,CH, 85% (>98% pure)
Suzuki reactions
C4F,;0,S0
0S0,C,F,; 172
@R PddppfiCl, O MeO
K,CO H
OHC s, N 95
70 HW \ [e)
120 °C, 10 min s
F-SPE 78%
(o)
0S0,C4F,; @ 0
MeO
C4F,,0,SO
R 8l 172 Pd(dppf)Cl, \©\
OHC + W s 96
HUW
0 Meo\@\ 100 °C, 5 min
F-SPE 1%
SH S °

(continued)
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Displaceable tags Transformation Ref.
oM HCO,H OMe
0SO0,CqF4; CsF170,50 e Pd(dppf)Cl,
K,CO5
R
uw 5
OHC™ ) o 100 °C, 20 min . 9
H F-SPE
85%
BuNH,
0SO0,C,F Pd(OAc), N
28717 C4F,;0,S0 BINAP gu-N
R Cs,CO,4
98
OHC 70 80-90 °C, 48 h
F-SPE 6%
NG 71, Pddbag, BINAP ~ NC
\©\ +BuONa, PhMe, 80 °C
Br F-SPE
HN
99
Rfh
71 1.2 N HCI, THF, 25 °C NC
_—
Rfh = (CH,),CgF 47 MP-CO, NH
F-SPE 2
95%
S—Rfh
ch DMAP O
TFSPE FsPE
/©/S—th 71%
HO S—Rfh
100
72, FluoMar NHR2
R'PhCOCI
Rfh = (CH,),CgF47 EtsN R2NH
TFsPE SPE
R 73-78% R’ 21-100%
e
CIW RFhS. F,C—" 'NH
i 10 A =/
N__N N.__N
Y DIPEA Y F-SPE
o] o]
69%
/\/CsFﬂ ’
HS RfhS~_~ thost NUG_~
10 NN I b
N._N  Oxone N\?N nucleophiles N. N 101
Y —_— —_—

N & N )\1/7 F-SPE " Q/7
F.C

FiC

85% 91% 75-93%
= (CHy),CqF 17

(continued)
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Table 7. (continued)

Displaceable tags

Transformation Ref.

1) m-CPBA
P Pr CH,Cl,
O._N 1)10, CH,CI, 18 h N 250C,2h
e e— i O] —_—
H:[\o\©\ 2) BF,.0Et, 1h Br 2) K2C0;03, Mel
Br F-SPE Rfh-S 40°C,2h
85% F-SPE

\ Pr

o Pd(PPhj),, Ets;N N Sml,
=——TMS, Cul ° F-SPE

O. Br — ) 1) YN 102
S g N A

10 & S\ F-SPE > S\ T™MS

60% (last 2 steps)

Hs/\/C8F17

N
88% S TMS Rfh = (CH,),CgF 17
0

I BPin
73 PdCl,(dppf),
DMAP, Et;N HBPin

88% Et;N, dioxane N

. F-BS
80°C,4h 88%

BPin
MeO \
N
oMe __ TIPS
" Pd(PPhy), PPhs 4 Pd(PPh )
TI,CO4,PhH

TIZCO3 PhH
80°C, 24 h 80°C, 24 h
SOLl F-SPE F8s 100% F-SPE

N
N
H

CBF17 c8F17 103

73, F-BS-CI

CsF
THF/MeOH
—_—
25 °C, 30 min
F-SPE

1) Mel, Cs,CO;,
DMF, 25°C, 1.5 h
96%
2) Mel, NH,Cl
THF/MeOH
5°C,2h
F-SPE

R{Ej\ X =N, CH

Hw
150 °C, 10 min
= 2 " .
F-SPE

CHO *
C4F 470,80 R3NC
0SO0,Cg4F,; s
7 104

3
R!' HN R*ArB(OH),
OHC N ge Pd(dppf)CI
70 X e ——

R
N/\_t_z

Y
150 °C, 10 min
F-SPE R4
16 examples

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

0S0,C4F,;

(continued)
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Table 7. (continued)
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Displaceable tags Transformation Ref.
0
R? CHO R
5 Et;N, DMF
+ H N)\H/OR + R°™—-N —/I—W_>
CeF170,50 2 o 150 °C, 15 min
o F-SPE
1.0 equiv 1.2 equiv 1.5 equiv
0S0,C4F,, a a a
R R!
O H R coRr
OHC - N 105
N N RYArB(OH),
uw
o H R2 120 °C, 20 min
F-SPE
0S0,C,F4; Ar—R*
O NH, JOI\
Et
thOJ\/kR U2 Et—NCO N7 NH
74 RO~ 7 “CF,Ph N?%P%MF 0P~ CE.ph 106
Rfh = (CH,)3CgF 17 ) 76% ’
0 RfO__O RPNCX
R! R2-CHO Et;N
ORfh  ‘NaBH(OAc) CH,CI
NH, 3 R °NH 212
0 g2
Welol)
ORfh 80-90%
NH, 3
R
75 5 | 107
RfhO__O _R N
Rfh = (CH,);CgF 7 I I-ﬂ\l\ o] /v/x
—_—
RSN F-SPE N
L R \—R2
R2
85-99%
R3PhCOCI
—_—
Hw
o F-SPE
R
ﬁ/lkOth
NH,
75 108
Rfh = (CH)3CqF 17 o

(continued)
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Displaceable tags

Transformation Ref.

o)
R
ﬁ/U\Oth
NH,

75
Rfh = (CH2)3CqF 17

o)
R
j/U\Oth
NH,

75
Rfh = (CHp)3CqF 17

o)
R
ﬁ/lkOth
NH,

75
Rfh = (CH,);CgF 47

o)
R
ﬁ/U\Oth
NH,

75
Rfh = (CH,)5CgF 47

NO,
CI\)\/CI -5
i s,
NN

o NO, HN T

H
N Cl i
tho/lH/ jl)\/ 3 equiv
F-SPE

R’ N\7N
1.5 equiv
5 oy
o J
u 2 N HN N
o RN« N HaPac H42=< pw
N—7 12h o, N7\ N 150°C, 15 min 109
RfhO R F-SPE . N
Rfho R

|
NN

(0]
N e

+

3
R3 R‘l
X W/U\N (\Y
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Displaceable tags Transformation Ref.
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Table 7. (continued)

Displaceable tags

Transformation Ref.
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H
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5. Practical aspects of F-SPE?!
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, fluoro-
phobic elution, fluorophilic elution, and final washing for
cartridge reuse (optional). A typical F-SPE procedure for
the separation of a reaction mixture with a 2 g SPE cartridge
is as follows:*!

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

Step 2—Preconditioning: Pass through 6 mL of 80:20
MeOH-H,O to condition the cartridge. Discard the pre-
conditioning 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 com-
pletely adsorbed onto the cartridge (see Table 8 for alter-
native loading solvents).

Step 4—Fluorophobic elution: Wash with 6-8 mL of
80:20 MeOH-H,O 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 con-
taining 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,O. The center
tube shows how the non-fluorous components (blue fraction)
are washed from the cartridge by using more 8§0:20 MeOH-
H,O. The adsorbed fluorous dye is not eluted even with
extensive flushing with 80:20 MeOH-H,0 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 its volume should be to prevent
breakthrough. A list of solvents with increasing fluorophilic-
ity is as follows: H,O<DMSO<DMF<MeOH<MeCN<
THF<HFC-7100 (C4F9OCH3)<FC-72. For normal F-SPE,
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Table 8. Suggested maximum loading solvent volumes for CgF,;,-tagged substrates

Solvent Maximum loading volume
2 g cartridge (mL) 5 g cartridge (mL) 10 g cartridge (mL)

THF 0.2 0.5 1.0
CH,Cl, 0.2 0.5 1.0
MeCN 0.2 0.5 1.0
MeOH 0.2 0.5 1.0
DMF 0.4 1.0 2.0
DMSO 0.6 1.5 3.0

Solvent Blue

¥

& i |

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).

the mass loading (weight of crude sample compared to the
weight of fluorous silica gel) is suggested to be around
5-10%.%" With the least fluorophilic DMSO, the solvent
loading (volume of solvent compared to the volume of fluo-
rous 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 pro-
vides 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. Breakthrough problems can often be
solved by using less volume of loading solvent. Other solu-
tions 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 load-
ing of a reaction mixture onto a fluorous cartridge for SPE is
sometimes possible. However, in common practice, the reac-
tion mixture is usually filtered first to remove insoluble solid
and catalysts. The concentrated crude mixture is then dis-
solved 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,O, 80:20 MeOH-H,O, and 90:10
DMF-H,0O are the common choices. Acetone-H,O 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 car-
tridge will be discarded after use, the precautions are not
necessary.

5.3.4. Gravity F-SPE with large fluorous silica gel. Com-
pared to normal F-SPE with 40 um fluorous silica gel, the
resolution of gravity F-SPE with 120 um silica gel is re-
duced to some extent. Cartridges with the large size fluorous
silica gel need to be carefully conditioned to remove air bub-
bles. In the case of plate-to-plate F-SPE, the plate loaded
with a high boiling solvent such as DMF or DMSO is de-
gassed in a vacuum chamber (20-30 mmHg) for 3-5 min
to remove the air bubbles.

6. Conclusions
The results summarized in this report show that the new sep-

aration technique of fluorous solid-phase extraction (F-SPE)
has successfully debuted and is now ready for prime time.



11862

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 min. Fluorous silica gel is now commercially avail-
able in an assortment of sizes and formats, and an increasing
number of fluorous reaction components (reagents, cata-
lysts, tags, scavengers, protecting groups) are also sold com-
mercially. Thus, we 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.

Note added in proof

A special issue of fluorous chemistry containing several
papers dealing with fluorous solid-phase extraction has just
appeared: Zhang, W. QSAR Comb. Sci. 2006, 25, 679.
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