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ABSTRACT

Fluorous-tagged compounds can rapidly be separated from organic (non-tagged) compounds by the new separation technique of reverse
fluorous solid-phase extraction (r-fspe). In a reversal of the roles of solid and liquid phases in standard fluorous spe, a mixture is charged to
a polar solid phase (standard silica gel) and then eluted with a fluorous solvent or solvent mixture. The organic components of the mixture
are retained, while the fluorous components pass.

The separation of fluorous-tagged compounds from organic complementary separation technique called reverse fluorous
compounds has become increasingly poptland early solid-phase extraction. As the name implies, the usual roles
methods based on liquid—liquid separatibrimve been  of the liquid and solid phases are reversed in this technique.
augmented by solid—liquid separations such as fluorous Since their introduction in 199¥standard fluorous solid-
solid-phase extraction (fspe) and fluorous chromatogrdphy. phase extractions have proven to be broadly useful for
Most of these types of separations rely on a fluorous silica separating light fluorous molecufeisom organic molecules.
solid-phase (silica gel with a fluorocarbon bonded phase) As illustrated in Figure 1 (left), a mixture of organic and
coupled with an organic solvent. We describe herein a new, fluorous-tagged compounds is loaded onto fluorous silica
gel followed by first-pass elution with a “fluorophobic”
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Figure 1. Fluorous solid-phase extractions. Left: a standard
fluorous solid-phase extraction; Right: a new reverse fluorous solid-
phase extraction.

fluorophobic solvents. During this first elution, the non-
tagged organic compound is rapidly washed from the column,
while the fluorous-tagged compound is retained. A second-
pass elution (not shown) with a “fluorophilic” solvent (often
Et,O or THF) then washes the fluorous fraction from the
column.

We hypothesized that the whole process could be
“reversed” by exchanging the characteristics of the fluoro-
philic solid phase with the fluorophobic liquid phase. As
shown in Figure 1 (right), reverse fluorous solid-phase
extraction involves charging of a mixture of organic and
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Figure 2. TLC of 1la—d using reverse fluorous spe conditions.

separations and convenieRf values. Figure 2 shows the
R values of benzoate esterka—d) on a regular silica gel
TLC plate eluted with 2/1 FC-72/ED.

As expected, thd¥ values of the esters increased with
their fluorine content. This is the reverse of their behavior
on fluorous silica gel eluting with polar organic solvents.
The fluorous estersa—chad significantly higheR; values
than the ethyl estetd.

Control TLC experiments with standard organic solvents
revealed the unique features of using the fluorous solvent
mixture with standard silica gel (Figure 3). For example,
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fluorous-tagged compounds to a polar solid phase. First-pasgrigure 3. Comparison of TLC between reverse fluorous spe

elution with a fluorous liquid phase should elute the fluorous-
tagged fraction from the column while leaving the organic
fraction behind. If desired, second-phase elution with a
suitable organic solvent should elute the organic fraction.
Since fluorous solvents have only rarely been used in
chromatographic processeésye began with simple TLC
experiments with fluorous estefia—c and controlld to
identify useful solvent and solid-phase pairings. By testing
assorted combinations of TLC platésegular silica gel, base-
coated silica gel, C18-silica gel, aluminum oxidegellulose)
and various fluorous solverit§FC-72, c-CsF1.CFs, CiFo-
OMe, BTF, hexafluoro-2-propanol), we discovered that a
combination of a regular silica gel with mixtures of FC-72/
Et,O or FC-72/hexafluoro-2-propanol provided both good

(6) (a) Attaway, J. A.; Barabas, J.; Wolford, R. Wnal. Chem1965,
37,1289—-1295. (b) Attaway, J. A. Chromatogl1967,31, 231—233. (c)
Blackwell, J. A.; Schallinger, L. AJ. Microcolumn Sepl994,6, 551—
556. (d) Kagan, M. Z.J. Chromatogr. A2001, 918, 293—302. (e)
Matsuzawa, H.; Mikami, KSynlett2002, 1607—1612.

(7) TLC plates used in this study were as follows: regular silica gel,
Silica Gel 60 Ess (MERCK); base-coated silica gel, NH-DM1020 (Fuiji
Silysia Chemical Co., Ltd.); C18-silica gel, C18-Silica Gel 60s4~
(MERCK); aluminum oxide, Aluminum oxide 150,& (MERCK); and
a-cellulose, AVICEL F Microcrystalline Cellulose (ANALTECH).

(8) FC-72 is a mixture of perfluorohexanes. BTF is benzotrifluoride:
CeHsCFs.
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conditions and normal conditions.

elution of a mixture of fluorous estdra and triphenylphos-
phine on standard silica gel with 100% hexane showed that
triphenylphosphine was the less polar of the two compounds
(Rr values: PPH 0.30;1a, 0.24)!° When the same mixture
was eluted with 2/1 FC-72/ED on a silica TLC plate, the

R: of laincreased to 0.68, while thig of PPh decreased
dramatically to 0.03. This decrease reflects the “fluoropho-
bicity” of triphenylphosphine, which has little or no solubility

in FC-72. We conclude that the excellent separation provided
by the fluorous solvents is unique and cannot be reproduced
with the common organic solvents used in silica TLC and
chromatography experiments.

Armed with these results, we next studied preparative
separations of mixtures of fluorous and organic compounds
by reverse fluorous spe. Ryu and co-workers described
allylation of perfluoroalkyl iodides (Rfl) with allyl stannanes
to provide allyl perfluoroalkanes.In this work, the target

(9) Ry is the chromatographic retention factor, and Rf is a perfluoroalkyl
group.

(10) R values in 100% hexane were variable, possibly due to the water
content of the silica gel. However, the relative polarities were not variable.
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Table 1. Preparation of 3-(Perfluoroalkyl)prop-1-enes by Reverse Fluorous Solid Phase Extraction

1) hexane, AIBN

R 69°C,5h \/l
Rl + SnBus — Rf
STy 2) r-fspe, 5/1
(0.5 mmol) 1 mmol) FC-72/ether 2a-d, 3a-d, 4a-d

Rf = CsF17,FE3h10F21, C1aFas, (CF3)2CF(CF2)s

R =H, Me,
eslt”gr]mane o CgF17l CioFail CiaF sl (CF3)oCF(CFo)gl

A ~-SnBug CeF1no CroFaine g CioFas (CFa)2CF(CF2)s~

(1 mmol scale) 2a, 82% 2b, 97% 2¢, 89% 2d. 86%
Me Me Me Me Me
SnBug CaF 17 C1oF21 Ci2F2s (CFs)zCF(CFz)e\/g

(1 mmol scale) 3a, 69% 3b, 89% 3¢, 75% 3d, 84%

Ph Ph Ph Ph Ph

SnBus CgF17 C1oFas C1aFzs (CFs)zoF(CFz)e\/&

(0.4 mmol scale) 4a, 93% 4b, 90% 4c, 90% 4ad, 86%

allylated products (fluorous) were separated from the tin were allylated as above, and the crude products were directly
residues (organic) by standard fluorous spe. We conductedsubjected to nitrile oxide cycloaddition under oxidative
a similar set of reactions with purification by reverse fluorous condition$* with excess benzaldehyde oxime. TLC of the
spe, and the results of 12 experiments are summarized incrude products using standard organic solvents showed
Table 1. A mixture of a perfluoroalkyl iodide (Rfl, 0.5 multiple spots and was suggestive of difficult chromato-
mmol), excess allylstannane (1.0 mmol), and AIBN (10 mol graphic purifications. In contrast, TLC experiments with 2/1
%) in hexane was heated at reflux for 32iThe reaction FC-72/ether showed only a single spBf { 0.2) above the
mixture was cooled, concentrated, and charged to a columnorigin. Reverse fluorous spe provided clean isoxazolines
containirg 6 g ofstandard silica gel. The column was eluted 5a—ein 48—68% yield.

with 20 mL of 2/1 FC-72/ether, and the solvent was  The TLC experiments in Figure 3 suggest that reverse
evaporated to provide the allylated produges—-d, 3a—d,  flyorous spe should be useful for removing triphenylphos-
and 4a—d in yields ranging from 69 to 97%. The NMR  shine and its derived oxide from fluorous compounds. To
spectra of these products were clean, and GC or HPLCgpoy this, we reacted limiting amounts of four fluorous
purities exceeded 90% in all casés. ~alcoholséa—d (0. 5 mmol) with excess (0.75 mmol) butyric
To show that reverse fspe can be used to clean up mU“'Stepacid, triphenyl phosphine, and aldrichthiol-2 (2,2-dipyridy!
sequences, we conducted the sequence of allylation andyigifige)1s Reaction for 24 h in refluxing benzene, followed
nitrile oxide cycloaddition shown in Figure 4. Five iodides by cooling and reverse fluorous spe, provided the products

(11) Ryu, I.; Kreimerman, S.; Niguma, T.; Minakata, S.; Komatsu, M.;
Luo, Z.; Curran, D. PTetrahedron Lett2001,42, 947—950.

_~_-SnhBu (12) Typical Procedure for Reverse Fluorous Spe in Table 1.
DR Rf Perfluorodecyl! iodide (323 mg, 0.5 mmol), allyltributyltin (330 mg, 1 mmol),
(1 mmol) [(\ AIBN (9 mg, 0.05 mmol), and hexane (5 mL) were placed in a flask under
AIBN (cat) Ph \N’O an argon atmosphere, and the mixture was refluxed for 5 h. After removal
Rl hexane, refl. 5h of the volatile components by evaporation, the mixture was submitted to
- . 5a Rf=C/Fys, 62% separation by reverse fluorous spe. A short column was packed with regular
2) PhCH=NOH (3 mmol) 5b Rf=CgFy7, 68% silica gel (6.0 g) using FC-72/ED (2/1) as the solvent. The crude reaction
NaOCl (excess) 5¢ Rf = (CF3),CF(CFy)s, 63% mixture was then_ loaded onto this column and ell_Jted W|th_ 20 mL of FC-
ether. -10 °C 5d Rf=CygFpq, 55% 72/E£O (2/1) to give 3-(perfluorodecyl)prop-1-ene in 97% yield (271 mg).
1h. it 24 h 5e Rf=CqoFos 48% (13) Purity of the products was determined by GC in the case®fiR
o or R= Me and HPLC (Nova Pak Silica, UV detection at 254 nm) in the
S)Jgsgze/,Ei’;/ 10 case of R= Ph.
- 2

Figure 4. Two-step reaction with reverse fluorous spe purification.
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(14) Naji, N.; Soufiaoui, M.; Moreau, Rl. Fluorine Chem1996, 79,
179-183.

(15) Mukaiyama, T.; Matsueda, R.; Suzuki, Vetrahedron Lett1970,
22, 1901-1904.
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COoH 1) 1.5 equiv EDCI
~~ 1) PPhg (0.75 mmol) 1.5 equiv HOBt

o T
{0.75 mmol) Aldrithiol' -2 (0.75 mmol} )j\ 1.5 equiv EtaN
benzene, refl. 24 h /\)J\OARf /\>< O\ (\j@
CO,H

+ CHCI3 23°C, 16 h

) r-fspe, 5/1

RfCH-OH 2) r-fspe, 2/1 FC72/Et2O 7a Rf= CGF‘]SCHZ: 85% 1 equiv 4 equiv FC 72, (CF3),CHOH
_ 7b Rf=C7F15, 62%
6a-d, (0.5 mmol) 7¢ Rf=CgFyg, 63% 8a Rf = CaFq

7d Rf= C10F20H, 66% 8b Rf = CBF13
8c Rf= CgF17

0
Figure 5. Separation of fluorous esters from triphenylphosphine, Rf/\><OJ\’\O\W CE)
N

triphenylphosphine oxide, and other coupling products.

7a—.d in 62—85% yielq, free from reagents and reagent- ggg:gggf;jgé
derived byproducts (Figure 5). 9c Rf = CgF 17, 72%

Finally, we applied the reverse fluorous spe procedure to
a standard amide coupling reaction of isonipecotic acid
protected on nitrogen with three different fluorous Boc
groupst®!” Couplings of8a—c (0.06 mmol) with excess
tetrahydroisoquinoline (0.24 mmol) were effected under can readily be evaluated by simple TLC experiments.
standard conditions with EDCI, HOBt, andsBtin CHCls Because the fluorous products elute first, the method is
(1 mL). The mixtures were partially concentrated and charged especially useful when the fluorous products are the target
to 1 g ofsilica gel. Elution with 5 mL of FC-72/hexafluoro-  of a given reaction. This is the case in fluorous tagging
2-propanol (5/1) provided producg&—cin 72—81% yield methods (such as in Figure 6) and in the synthesis of highly
with HPLC purities of 93-96%:¢ Unreacted or spent reagent  fluorinated molecules (such as in Table 1). The separation
and reactant byproducts were not evident in tHeNMR in the reverse fluorous solid-phase extraction can be aug-
spectra of any of these products. The satisfactory result withmented by choosing organic components that are polar, since
the substrateBa bearing the small &, fluorous tag is  these are naturally better retained on silica gel, and by
especially noteworthy because these tags are normallychoosing fluorous compounds that are nonpolar. Extensions
considered to be too small for reliable separations by standardto flash chromatographic and HPLC separations are readily
fluorous spe. The relative polarities of the reagents and envisioned.
reactants likely contribute to the success of this separation.

In summary, we have introduced the new technique of Acknowledgment. The idea for reverse fluorous solid-
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solvent conditions have been identified, and these and othergC.FsOELt), and Fuiji Silisia Co. (base-coated TLC plates) for
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Figure 6. Isolation of F-Boc amides by using reverse fluorous
spe.

(16) Luo, Z.; Williams, J.; Read, R. W.; Curran, D. .0rg. Chem.

2001,66, 4261—4266. ; ; ; : _
(17) Tabuchi, S.; Itani, H.; Sakata, Y.; Oohashi, H.; SatorBl. Med. . Supporting Info.rr.natl.on Ava"able'. Procedures f(_)l‘ reac
Chem. Lett2002,12, 1171—1175. tions and spe purifications along with spectroscopic data for

(18) Purity of the products was determined by HPLC (Nova Pak Silica) products and copies of NMR spectra of typical products after

with UV detection at 254 nm.
(19) Other readily available fluorous solvents can be used in place of Spe. This material is available free of Charge via the Internet

FC-72; see ref 2c. FC-72 can be recovered from FC-72/ether mixtures by at http://pubs.acs.org.
S|mple distillation; the fraction boiling at 5457 °C was collected and
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