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Abstract: Fluorous synthesis involves tagging an organic substrate with a fluorinated tag for the purposes of
separation. To date, techniques of fluorous synthesis have relied orHlgid! extractions. This paper applies

a simple solig-liquid extraction procedure over fluorous reverse-phase silica gel (silica with a fluorocarbon
bonded phase) for use in fluorous synthesis. Four amino acids were tagged on nitrogen wik; §8©€

group, and the resulting acids were coupled in a parallel experiment with an excess of four amines. The resulting
16 crude fluorous amide products were separated from all the coupling reagents and excess amine by two-
stage filtration through fluorous silica. In 15 of the 16 cases, the products were isolated in good to excellent
yield and purity. All of the products are soluble in organic solvents and none is expected to have any significant
solubility in fluorous solvents, so the experiment dramatically illustrates the advantages of theligalil
extraction over the liquigtliquid extraction. Future prospects for application of fluorous silica are briefly

discussed.
Introduction Tagging Substrates/Products
The attachment of “tags” to organic reaction components to 1) reaction 2) separation

influence phase behavior in the separation stage of a synthetic stage | slage o rag

step has become increasingly popular, especially in combina- S-Tag + R —: )

torial and parallel synthesisEffective phase tagging methods R+ BP

allow simple, binary separations of reaction mixtures into tagged

and untagged fractions and thereby integrate synthesis withmultistep parallel and combinatorial synthesis, but to date only

separation. A number of types of phase tags have beenpolymeric tags (solid-phase synthesis) have been widely adopted

introduced; however, most of these have been restricted to@s providing reliable, general separations of larger molecules.

tagging of small molecule components of a reaction mixture.  Following the introduction of “fluorous biphasic catalysis”

This strategy is shown in eq?Reaction substrates are left by Horvah and R#ai? we have expanded and generalized
fluorous concepts and techniquesn 1997, we introduced

Tagging Reagents/Reactants “fluorous synthesis® which entails the tagging of a substrate

1) reation 2) separation (or alibrary of substrates) with a highly fluorinated tag. Tagggd
stage stage products were then se_pa_rat_ed from nontaggeq ones by partition-
s + R_Tag_{: 1) ing _between_an organic liquid and a fluorous Ilquu_zl in a liquid

R-Tag + BP-Tag liquid extraction. However, a large number of fluorines (as many
as 60-120) can be required to induce tagged molecules to
ngggsggt‘eo (starting material) partition into a fluorous solvent (especially if the molecules have
P = (desired) product polar functional groups). Such highly fluorinated molecules can
BP = reagent/reactant byproduct have little or no solubility in organic solvents, so finding suitable

conditions for synthetic reactions is not trivial. This type of

untagged, and added reagents or reactants are tagged for thé,eayy” fluorous synthesis then resembles solid-phase synthe-
purposes of separation of excess reagents/reactants and their

byproducts. This powerful strategy is limited by the availability (3) (a) Balkenhohl, F.; von dem Busschéithefeld, C.; Lansky, A.;
of tagged reagents/reactants, and is inefficient for multistep Zechel, CAngew. Chem., Int. Ed. Endl996 35, 2289. (b) Thompson, L.

S . A.; Ellman, J. A.Chem. Re. 1996 96, 555. (c) For “liquid-phase organic
synthesis since new tags are needed for every step. The taggin ynthesis” with soluble polymers, see: Gravert, D. J.. Janda, KCHam.

of inherently larger substrates and desired products for use withre,. 1997 97, 489. For the use of hydrocarbon tags to effect “polar/
untagged reagents and reactants (eq 2) is especially useful fononpolar” binary separations, see: Nilsson, U. J.; Fournier, E. J.-L;
Hindsgaul, O.Bioorg. Med. Chem199§ 6, 1563.

(1) Curran, D. PAngew. Chem., Int. Ed. Endl998 37, 1175. (4) Horvah, I. T. Acc. Chem. Red.998 31, 641.

(2) Leading references: (a) Kaldor, S. W.; Siegel, M.@urr. Opin. (5) (a) Studer, A.; Hadida, S.; Ferritto, R.; Kim, S.-Y.; Jeger, P.; Wipf,
Chem. Biol.1997, 1, 101. (b) Flynn, D. L.; Crich, J. Z.; Devraj, R. V.; P.; Curran, D. PSciencel997 275 823. (b) Studer, A.; Curran, D. P.
Hockerman, S. L.; Parlow, J. J.; South, M. S.; Woodard].Am. Chem. Tetrahedronl997, 53, 6681. (c) Studer, A.; Jeger, P.; Wipf, P.; Curran, D.
So0c.1997 119 4874. (c) Booth, J.; Hodges, J. Bcc. Chem. Red999 P.J. Org. Chem1997, 62, 2917. (d) Curran, D. P.; Ferritto, R.; Hua, Y.
32, 18. Tetrahedron Lett1998 39, 4937.
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Figure 1. Separation of a mixture of amidds—i on a Fluofix 120E
column.

sis: itis very convenient for the separation stage of a synthetic
step but has liabilities in the reaction stage.

The liquid—liquid extractions can be replaced by setiguid
extractions over fluorous reverse-phase silica gel. In the few
examples published to datehe solid-phase extraction method

has been employed largely for reasons of convenience: patrtition

coefficient measurements showed that ligtiiduid separations

Curran and Luo

amidesla—i were prepared by standard acylation reactions and
then mixed together and injected on a commercial Fluofix 120E
analytical columrf. The gradient elution began with 80%
MeOH/H,O and the MeOH content was increased to 100% over
30 min. Despite its relatively low polarity, the control amide
la bearing the @Hjs (hydrocarbon) tag emerged with the
solvent front, as indeed do most other organic compounds
randomly selected from our collection for injection under these
conditions!® The amides bearing fluorocarbon chains then eluted
smoothly in order of their fluorine content fromgks (3.3 min)
through GoF21 (26 min). Under isocratic conditions (80%
MeOH), the separations are even more dramatic; arhides
a retention time of 17 min, amideh emerges in a very broad
peak between 51 and 56 min. To assess the possibility of using
these perfluoroalkyl amide tags in the liguiliquid extraction
method, we attempted to measure partition coefficients of amides
1f,h between FC-72 and dichloromethane. Both of these amides
were soluble in CECl, and no trace could be detected in the
FC-72 phase after thorough mixing and phase separation. In
other words, the tags attached to amidés do not contain
anywhere near enough fluorines to be useful for separation by
standard liquie-liquid extraction.

These results suggest that tagged molecules with modest
numbers of fluorines can readily be separated from untagged
molecules by a simple solid-phase extraction. To test this, we

were possible, but that multiple extractions would be needed conducted the six parallel amide couplings shown in eq 3.

to fully separate the fluorous-tagged reagents (or reagent

2) SPE

byproducts) from the nontagged organic products. We now show )80% MeOH organics

that the solid-phase extraction method can be used to reduce O/COzH 1) react

the number of fluorines required for fluorous synthedegyged RTYN +  ANH, Oy NHAT 3)
product molecules that are essentially insoluble in fluorocarbon g HE%?\,T MeCN 5
solvents and fully soluble in organic solvents can still be

separated from nontagged molecules with €aBeis advance 2a HTT =C7His 3 Ar=p-OMeCgH, )N\
dramatically expands the usefulness of fluorous synthesis. ;L RRT: fé:,’jw 4 Ar=m-CFsCeHsCH, 07 RT

Results and Discussion

Silica gel with a fluorocarbon bonded phase (silica-OSi@Me)
(CH2)nRs, hereafter called fluorous silica gel) has been known
for about two decadés,and it is occasionally used in a
chromatographic mode for polar/nonpolar separations; it works
in a “reverse-phase” mode so polar compounds elute first.
However, its utility here is limited by its very low retention
capability for organic compounds. We find fluorous reverse-
phase silica gel much more useful for separating molecules
based on their fluorine contenthe more fluorines a molecule
possesses the slower it moves.

The dramatic effect of fluorine content on retention time is
illustrated by the analytical separation shown in Figure 1. Nine

(6) (a) Curran, D. P.; Hadida, S.; He, NI.Org. Chem1997, 62, 6714.
(b) Curran, D. P.; Luo, Z.; Degenkolb, Bioorg. Med. Chem. LetfLl998
8, 2403. (c) Curran, D. P.; Luo, Xed. Chem. Re4998 8, 261. (d) Kainz,
S.; Luo, Z.; Curran, D. P.; Leitner, Wsynthesis1998 1425. (e) Ryu, |.;
Niguma, T.; Minakata, S.; Komatsu, M.; Luo, Z.; Curran, DTetrahedron
Lett. 1999 40, 2367. (f) Curran, D. P.; Hadida, S.; Kim, S.-Y.; Luo, Z.
Am. Chem. Sod 999 121, 6607.

5

MeCN fraction contains

nothing 5 5

4 | nothing 5 5

Tagged acidga,f,hwere coupled with aminedand4 (3 equiv)
under standard conditions with 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI, 1.2 equiv), 1-hydroxy-
benzotriazole (HOBT, 1.2 equiv), andsBt (1.2 equiv). The
crude reaction mixtures were then passed through homéatade
fluorous silica gel in a two-stage extraction eluting first with
80% MeOH/HO (to remove the nontagged products) and then
with CH3CN (to remove the tagged products). The {CNI
fractions were evaporated on a vacuum centrifuge. In the case
of the hydrocarbon-tagged (control) experiments vt the
CH3CN fraction contained nothing. To verify that the coupling
had occurred, we evaporated the MeOKIHphase, which

(7) Improved separations have been observed in water/PEG based systemqueed contained the expected amide product along with all the

when aqueous biphasic liquid extractions have been replaced by-iquid

excess reactant, reagents, and reagent byproducts. In contrast,

solid separations (aqueous biphasic extraction chromatography). Rogersthe CHCN phase from fluorous-tagged experiments wth

R. D.; Zhang, J. Idon Exchange and Saént Extraction Marinsky, J. A.,
Marcus, Y., Eds.; Marcel Dekker: New York, 1994; Vol. 13, p 141.

(8) (@) Varughese, P.; Gongoda, M. E.; Gilpin, R. X.Chromatogr.
Sci. 1988 26, 401. (b) Danielson, N. D.; Beaver, L. G.; WangsaJJ.
Chromatogr.1991 544, 187. (c) de Miquel, I.; Exbrayat, S.; Samian, D.
Chromatographial987, 24, 849. For applications of fluoropolymers in
bioaffinity separations, see: (d) Lowe, C. R.; Burton, S. J.; Burton, N.;
Stewart, D. J.; Purvis, D. R.; Pitfield, I.; Eapen,JSMol. Recognit199Q
3, 117. (e) Breillatt, J. P., Jr.; d. Eveleigh, J. W., U.S. Patent 5,306,615,
1994.

and2h provided pure coupled products
To provide quantitative information about the efficiency of
the reaction and separation, we prepared a library of 16 amides

(9) Fluofix columns are manufactured by NEOS, Co., Japan, and can be
purchased from Keystone Scientific. Related FluoroSep-RP columns are
available from ES Industries.

(10) Amines can sometimes be retained by these columns, presumably
due to interactions with the silica itself. See ref 8.
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Figure 3. Summary of deprotection reactions.

c 7d
Amide Products %yield (%GC purity) fluorous liquid phase require large numbers of fluorines{60
RfCON-acid(A)-CON-amine(B) 120)5 The resulting molecules are60% fluorine by molecular
weight and have total molecular weights of 26(8D00 or more.
N b c d The lighter tags used in this work provide tagged substrates
a |85 (94) 92(99) 60(88) B89 (97) that are less than 50% fluorine by molecular weight. This is a
b |100(94) 60(94) 21 (64) 91(89) very dramatic reduction in fluorine content considering that the
c |90 (94) 78(78) 45(87) 61(92) . ; : .
d |80 (97) 71(92) 67(84) 88(98) maximum fluorine content in these molecules (that is, the

content of the tag alone) is not 100% but less than 75%. The
decrease is more readily seen in total molecular weights; all of
the molecules in Figure 2 have molecular weights well under
1000. In addition, the lighter tags have dramatically increased
. . . solubility in organic solvents and this facilitates reactions. The
tag and coupleq this t_o make acid-amidizs-d. 'I_'hese were ability to use commercial analytical columns in straightforward
then c_:ouple_d with aminesa—d under t_he condmons_of th‘?. methods development experiments to find suitable conditions
experiment in eq 3 and th? crude reactions were again purified or the parallel solid-phase extractions and the unique ability
only .by solld-phase extr?cnon. The products where'then assayec{o analyze and characterize the libraries by GCMS are added
for yield and purity (by'H NMR and GCM.S’ an_d n several attractions. Furthermore, we have recently purchased our first
cases, by LCMS). The resm_JIts are summanzed_ in Figure 2’_ andpreparative fluorous HPLC column from Keystone Scientific,
all the raw data are contained in the Supporting Information. and the coupling of this with a modern serial or parallel liquid

Coupl!ings vyi’;]hbacidsﬁa,b,qdall W(zrked vlertylwell,l vk\;Tile tge chromatography apparatus should further facilitate experimental
couplings with benzoic acidc (not completely soluble under execution of the techniques reported in this paper. In short, the

Fh?hreactlon condlgons) gaV(;.-_ I]?W?r but stlllltsatlsfactory yields potential offered by fluorous synthesis techniques may now be
in three cases, and an unsatisfactory result in one éasang realized much more readily.

7b). These results clearly show the applicability of the solid- The work in this paper has focused on developing lighter

phase extraction method for separating reaction mixtures . 4
- . . fluorous tags for substrates (eq 2), but the techniques will clearly
containing lightly fluorous-tagged molecules bearing polar . :
: be applicable to reagent and reactant tagging (eq 1) as well. On
functional groups. ! - S 8 o
- lete th le of taadina/ tion/detaqai h moving from liquid-liquid to solid—liquid extractions, it will
0 complete the cycle of taggingireaction/detagging, we have possible to dramatically decrease the number of fluorines in

allso m(;/?rs]tlga:]eoll all_bnumberthoic%i/?\\/l/a%z.r(;actlons. W‘T first the tagged reagent or reactant. We have already demonstrated
cleaved the whol€ library wi e, however, only this to some extent with organotin reagehtsyt the results

the amides denyed from ac@a} reliably gave clean crude herein suggest that even more lightly fluorinated versions are
products. I_n pr(_)bmg other conditions, we cleaved crude prOdUCtSpossible. In effect, the reduction of the fluorine content in a
from 6b W't.h L'QH’ foII(_)wed by acylation and f'a$h chroma- flourous reagent coupled with a replacement of ligtliquid

tography. Likewise, amides frofd were cleaved with NaBl extraction by solid-phase extraction should provide a very

acylated, and chromographed to give the correspondlng prOduCtst‘;eneral alternative to the technique of “fluorous biphase
In both cases, the acetamide derived from the coupling prOdUthatalysis”“

of 7ewas not produced cleanly. All the data for the cleavage While the goal of this work has been to develop separations

reactions are contained in Figure 3. based on solid-phase extraction rather than chromatography, it
is already clear from results such as those in Figure 1 that
fluorous reverse-phase silica gel will have interesting chro-
The results outlined in this paper hold out the promise for a matographic applications as well. For example, our early results
dramatically increased practicality for fluorous synthesis tech- suggest that if reactions such as those in Figure 2 are incomplete
nigues that involve substrate tagging. The tags used here arébased on the fluorous tagged component, then this unreacted
considerably lighter yet they retain all the attractive features of tagged component may elute reliably after the coupled, tagged
their heavier predecessors. These include the following: stability product. This is because the tag is attached to a larger
under diverse reaction conditions, straightforward chromato- “nonfluorous” piece in the product, so this is less well retained
graphic and spectroscopic characterization, and ease of introducby the column. We also suggest that fluorous columns have
tion via modifications of standard protecting groups. “Heavy” untapped potential in chemical analy%iSor example, reaction
tags suitable for inducing large molecules to partion into a of a mixture with a fluorous reagent would then tag a product

Figure 2. 4x4 amide library (R= CqFig).

in parallel as summarized in Figure 2. We selected thie;C

Conclusions
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or subset of products for analysis. These products would beworker$? and our group have also developed new oxygen
retained on a column under which nontagged compounds wouldprotecting groups suited to sotidiquid extraction as well. As
not. The ability to separate molecules based largely on fluorine the number of these groups continues to expand, so will the
content should prove to be a nice complement to traditional usefulness of the techniques reported in this paper.
polar/nonpolar separations in synthesis, chemical analysis, and
other areas.

Finally, a frank assessment of the fluorous amide protecting
groups introduced in this paper shows that they have limited
potential utility. On the upside, the needed perfluorinated acids
are already commercially available and are easily attached.
However, more general cleavage conditions will be needed
before these groups are considered as viable replacements of Supporting Information Available: Complete experimental
the standard trifluoroacetamide grotin the longer run, we details and copies of all the spectra and chromatograhis (
feel that these will not be optional nitrogen protecting groups NMR, GCMS, LCMS) used to characterize the library (PDF).
for many synthetic needs since trifluoroacetamide itself is not This material is available free of charge via the Internet at
among the most common nitrogen protecting groups. We alreadyhttp://pubs.acs.org.
have fluorous variants of a number of more common nitrogen JA991496R
protecting groups and we will be reporting results with these

; ; ; _ (12) (a) Wipf, P.; Reeves, J. Tetrahedron Lett1999 40, 4649. (b)
new protecting groups in due course. Both Wipf and co Wipf, P.; Reeves, J. TTetrahedron Lett1999 40, 5139. (c) Reer, S.;
(11) Greene, T. W.; Wuts, P. G. MRrotectve Groups in Organic Wipf, P. Tetrahedron Lett1999 40, 5667. (d) Dr. S. Wada and Mr. S.-K.

SynthesisWiley-Interscience: New York, 1991. Lee, unpublished results.
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