Increasing Fluorous Partition
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ORGANIC
LETTERS

2005
Vol. 7, No. 17
3677—3680

Marvin S. Yu,* T Dennis P. Curran, * and Tadamichi Nagashima T

Fluorous Technologies, Inc., 970 William Pitt Way, Pittsburgh, Penasya 15238,

and Department of Chemistry, University of Pittsburgh,
Pittsburgh, Pennsylvania 15260

m.yu@fluorous.com

Received May 18, 2005

ABSTRACT

Low partition coefficients of fluorous components have been a persistent problem in liquid

—liquid separations using perfluoroalkanes as the

fluorous phase. Solvent tuning of both the nonfluorous and the fluorous phase dramatically enhances the partitioning of light or polar fluorous
molecules into the fluorous liquid phase, while minimally effecting partition coefficients of nonfluorous molecules. These findings suggest an
expanded scope for liquid-based separations in fluorous biphasic catalysis, fluorous-tagged reagents, fluorous-supported oligomer synthesis,

and related areas.

Since Horvath’s seminal 1994 papelescribing the use of

For liquid—liquid fluorous separations, the efficient par-

an organic solvent with an immiscible fluorous solvent in titioning of fluorous reaction components out of the organic
catalysis, fluorous chemistry has found a wide range of phase and into the immiscible fluorous phase is critical.

applications, including biphasic cataly3ishiral separations,
combinatorial chemistr§,and peptide and oligosaccharide

Biphasic separations generally rely on a fluorophobic organic
solvent (for example, MeOH, GJ&N, or toluene) and a

synthesis.Fluorous systems are appealing because reactiongerfluoroalkane (perfluoromethylcyclohexane or perfluoro-
are homogeneous, separations are easy and reliable, antdexanesy. In these systems, low partition coefficients of

fluorous tags (also called ponytails) are inert.
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fluorous compounds into the fluorous phase have been a
persistent problem. The conventional strategy to solve this
problem has been to increase the number and length of
fluorous tag “ponytails”. This “substrate tuning” approach
increases synthetic complexity, cost, and molecular mass.
Increasing fluorous partition coefficients by tuning the
fluorous solvent is an important option that has been little
investigated. Castedo used perfluorocarboxylic acids as
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additives to draw ureas into fluorocarbonshile Ryu used
the nonvolatile amphiphilic compound F-262 (2-perfluoro-
ethyl-1,3-dimethylbutyl ether) to immobilize a fluorous
palladium catalyst. We now report that perfluorobutyl
methyl ether, used either alone or in combination with a
perfluoroalkane, can significantly increase partition coef-
ficients of fluorous molecules.

Perfluorobutyl methyl ether is sold as HFE-72Ghd is
a mixture ofn-C4FgOCH; andi-C4FOCH; (bp 61°C). It is
non-ozone depleting, is not classified as a volatile organic
compound (VOC), and is approved without restrictions under
the US EPA Significant New Alternatives Program (SNAP).
Inazu and co-workers have used fluoroalkyl alkyl ethers as
amphiphilic reaction solvents for fluorous peptide and
oligosaccharide synthesis, but they used FC-72 (perfluoro-
hexanes) for the separatiodsUnder ambient conditions,
HFE-7100 is miscible with most organic solvents, including
MeOH, DMF, toluene, hexane, £, THF, CHCN, and
CH,Cl,. However, addition of small amounts of water results
in phase separation. For example, HFE-7100 is miscible with
dry DMF but not with DMF containing a few percent water.
To quickly gauge the potential of HFE-7100 as an extraction
(co)solvent, we contrasted the partition coefficients of less
polar fluorous phosphinel’?> and more polar fluorous
sulfonamide2 with nonfluorous controls, triphenylphosphine
(PhsP) and sulfonamid8&.1® As usualp is defined as the %
analyte in the fluorous phase divided by the % analyte in
the organic phase. Data from the partitioning experiments

Table 1. Partitioning Coefficients for Phosphirieand PPhin
Various Fluorous/Organic Systetns

b

entry solvent system compound p

1 FC-72/THF 1 <0.02
2 FC-72/CH3CN 1 2.48
3 FC-72/DMF 1 0.12
4 FC-72/DMF PPhs <0.02
5 FC-72/5% H50 in THF 1 0.11
6 FC-72/5% H50 in THF PPhg <0.02
7 FC-72/5% H20 in CH;CN 1 9.50
8 FC-72/5% H20 in CH3CN PPhs na‘
9 FC-72/5% H30 in DMF 1 15.11

10 FC-72/5% H20 in DMF PPhs <0.02

11 HFE-7100/5% H20 in DMF 1 >100

12 HFE-7100/5% H20 in DMF PPhs 0.12

aperformed with a 1:1 v/v mixture of fluorous and organic solvémt.
= [fluorous]/[organic] as measured by GEPPh was not solvated
completely.

PPh partitions essentially completely out of the fluorous
phase (entry 4). Cutting the organic solvent with water makes
the organic phase more fluorophobic and increases the
partition coefficients of fluorous molecules in all three
solvents (entries 5, 7, and 9). For example, extractiofh of
between FC-72 and 5% aqueous DMF increased its partition
coefficient by 2 orders of magnitude from 0.12 to 15
compared to dry DMF (entries 3 and 9). However, P

of the two phosphines as summarized in Table 1 show that"®mained in the DMF/water phase (entry 10).

significant solvent tuning is possible with both the organic
and fluorous phases.
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Standard partitioning ofl between FC-72 and organic
solvents resulted in poor (DMF, THF) to moderate €H
CN) distribution for phosphing, as expected for a compound
with only 51.8% fluorine content (entries-B). In contrast,
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Increasing the solvating power of the fluorous phase
through use of HFE-7100 (entry 11) resulted in at least
another order of magnitude improvement, leading to com-
plete partitioning ofl into the fluorous phase. The increased
solvating power of HFE-7100 is also reflected by the control
(entry 12); PPk now partitions to a small extent into the
fluorous phase. Similar effects were found for THF ancsCH
CN using HFE-7100.

Partition coefficients of the more polar fluorous and
nonfluorous sulfonamide®and3 are summarized in Table
2. Despite having more fluorines than phosphinsulfona-
mide2 (53.9% fluorine content) resists partitioning into FC-
72, even when the organic solvent is cut with water (entries
1-3, 5, and 6). As expected, the cont®hlso partitions
into the organic phase (entries 4 and 7). Replacing the FC-
72 with HFE-7100 results in a dramatic increase in partition-
ing of 2 into the fluorous phase against 5%®in DMF
(compare entries 6 and 8): indegdncreases from 0.09 to
>100! However, HFE-7100 also begins to extract a small
amount of the nonfluorous contr8linto the fluorous layer
(entry 9,p = 0.05).

Tuning of the fluorous solvent system by using mixtures
of FC-72 and HFE-7100 provided a method by which the
fluorous solvent could be modulated. A 2:1 FC-42FE-
7100 mixture resulted ip = 8.8 (entry 10), while increasing
the amount of HFE-7100 further gave an even higher
partition coefficient for2 into the fluorous phase (entry 12,

for 15 min, and the phases were allowed to separate. Each phase wagp = 42)_

analyzed by either GC or LC (254 nm) by dissolving 40 in 1 mL of
THF. Partition coefficients were determined by comparing the absolute area
counts for each phase.
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Tables 1 and 2 demonstrate that solvent tuning can produce
widely differing partition coefficients for the same com-
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Table 2. Partitioning Coefficients for Sulfonamid&sand 3 in

Various Fluorous/Organic Systefns [ \ o\:s,’o 7N\ 0\\8,,0
s” N N° 0
NOZ CBFW NO2 H \©\ S H \©\
Cl cl NH, N J\/ Br
0 0 4 (1.36) 5(1.71) H
S-N §-N-C,H
o _\—\ oH T NO, o
CsF
2 6" 13 3 Cl 4-F-Ph )j\
entry solvent system compound pb SO;NHMe OMe
1 FC-72/CH;CN 2 0.11 6(2.12) 7(2.61)
FC-72/MeOH 2 nac
3 FC-72/DMF 2 <0.02 Q Q
4  FC-72/DMF 3 <0.02 4F-Ph N N (\ N
5  FC-72/5% H;0 in CH;CN 2 0.35 H n N
6 FC-72/5% Hy0 in DMF 2 0.09 OMe Ph~ OMe
7  FC-72/5% H50 in DMF 3 <0.02 8 (2.94) 9 (3.12)
8  HFE-7100/5% H;0 in DMF 2 >100
9  HFE-7100/5% H;0 in DMF 3 0.05 o o
10  FC-72—HFE-7100 (2:1)/5% H,0 in DMF 2 8.8 aFph L
11  FC-72—HFE-7100 (2:1)/5% H;0 in DMF 3 <0.02 SNTONTY o} \
12 FC-72—-HFE-7100 (1:1)/5% H,0 in DMF 2 42 H I\/ N- Ph
13  FC-72—HFE-7100 (1:1)/5% H,0 in DMF 3 <0.02 Ph MeO
10 (3.40) 11 (3.73)

aperformed with a 1:1 v/v mixture of fluorous and organic solvemt.
= [fluorous]/[organic] as measured by GE€Sulfonamide2 was not solvated NO,

completely. cl
E j\ PPh
SO,NHCH,, °

pound. For example, fluorous compouddor 2 can be 3 (5.15) (5.69)
induced to partition completely in the organic phase (Table
1, entry 1, and Table 2, entry 3) or completely into the
fluorous phase (Table 1, entry 11, and Table 2, entry 8); a
>10® change in the partition coefficient.

Equally important to the large effects that solvent tuning

Figure 1. Organic compoundsc(log P) partitioned between FC-
72—HFE-7100 (1:1) and 5% 4@ in DMF.

. rophilic/fluorophobic” solvents are commonly used today in
have on fluorous compounds are the relatively small effects
these two apparently separate areas. We suggest that these

that they have on the partitioning coefficients of the MU . : :
: . scales should be united into a single two-dimensional scale,
nonfluorous compounds. This suggests that the major mech-

. . . . . . as illustrated by the diagram in Figure 2. The upper left
anism of separation remains fluorous in nature with polarity . .
. . guadrant is occupied by perfluoroalkanes and related mol-
playing only a secondary role. To test the generality of the ecules, which are extraordinarily nonpolar and highly fluo-
fluorous—organic separation using 5%® in DMF and FC- ' y P gny

72/HFE-7100, partition coefficients were measured for 10 rous. Moving to the right b.y removing all quonnes and
. . . e T adding heteroatoms results in solvents that are increasingly
organic compounds (Figure 1) with varying lipophilicities

as determined by calculated I8y whereP in this instance polar. Moving down by gradually repIaqng fluorines with .

. . L hydrogens and other elements results in more fluorophobic
is the traditional octanol—water partitioning. All 10 of the (more organic) solvents. The two lower quadrants, therefore
compounds were soluble in the 5%®IDMF in at least 50 g ' d ' '

mg/1 mL, and in all cases 0.5% of the organic compound represent traditional lipophilic and hydrophilic areas. The
. two upper quadrants represent fluorous nonpolar and fluorous
leached into the fluorous solvent.

. . _polar regions.
On the basis of these results, we suggest that solvent tunlng'O g

is a simple and powerful alternative approach to substrate ‘ Tht_e mlsfc;r?lll'g (:f two EOL\\/NentS 'tr;] a blp_f:;’;l_s |CF:_;ysten21 '_T_ha
tuning for obtaining suitable fluorous partitioning coef- unction ot the distance between them within Figure . The

ficients. Both fluorophobicity and polarity of the extraction further apart two solvent systems are, the more likely that a

solvents play important roles in determining the partition blplhaS||c system wm;pr?. The part|t|or)llck;)eff|c;|ent for af
coefficients. The polarity of a perfluorocarbon liquid phase mho edc_u eimna g|\f/er;] Iphasic Tystem will be a unhc'uon. 0
can be increased by adding perfluoroalkyl alkyl ethers such (e distances of the two solvent systems o the given

as HFE-7100 without destroying the inherent fluorous nature moIecuIe_. For example, if a molecule’s p°s”'°f‘ " Flgure 2
of the phase, while the fluorophobicity of polar organic was equidistant from the two solvents used in a biphasic

solvents can be increased with even small amounts of water.system’ .it Is reasonable to assume a partition coefficient near
It has long been known that certain combinations of polar unity. Since most fluorous separatlons to date have been

and nonpolar organic liquids are immiscible, and conducting conducted using solvents occupying only the extreme upper

reactions with the aid of “polar/nonpolar” separations is the : : .

subject of lively recent research effotfsQualitative one- Beﬁéﬁ)réﬁzaﬁnDéeé.!—'gggﬂfn’\,ﬂis.PII_‘.e;ng)ﬁlﬁcrfep.;. Euchgoo;r:eng %1?39&(2.)

dimensional scales of “polar/nonpolar” solvents and “fluo- Chem. Soc2003,125, 6254.

Org. Lett, Vol. 7, No. 17, 2005 3679



more

Fe72 fluorous
FC-72/HFE-7100 HFE-7100
x
= triflucroethancl
less more
polar polar
» THF
* Et,0
tol
olene x 5% H,0 in DMF
.
= hexane .
less H,0
fluorous

Figure 2. Qualitative representation of various solvent systems
used in fluorous biphasic separations.

left corner of Figure 2, it is not surprising that fluorous liquid
separations have been plagued by low partition coefficients.
While this qualitative approach is surely oversimplified,
thinking of optimizing liquid extractions as one two-
dimensional problem rather than two one-dimensional prob-
lems provides many more options for tuning. For example,
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in this work we have optimized the partition coefficients of
a polar fluorous molecule by making the fluorous phase more
polar without compromising its essential fluorous character.
Likewise, a “polar/nonpolar” process might be optimized by
introducing fluorines to the nonpolar component and at the
same time making the nonpolar liquid phase more fluoro-
philic. These are just two among many possibilities.

The ability to broadly tune partition coefficients has
important implications in those areas of fluorous chemistry
that rely on biphasic separation or liquitiquid extraction.

An expanded scope is projected for fluorous biphasic
catalysis, fluorous triphasic reactions, supported peptide and
oligosaccharide synthesis, and fluorous synthetic methods,
including reagents and scavengers. In each of these areas,
the ability to use fewer and smaller fluorous tags increases
the practicality. On a large scale, the replacement of persistent
perfluoroalkyl solvents with perfluoroalkyl alkyl fluorinated
ethers results in a more environmentally friendly process.

Acknowledgment. We thank Dr. Patrick Kearney of
Exelisis, Inc., for helpful discussions and guidance. We also
thank the NIH for support through SBIR Grant
2R44GM067326-02A1.

Supporting Information Available: Experimental pro-
cedures and spectroscopic data of new compounds and all
GC and LC data from partitioning experiments. This material
is available free of charge via the Internet at http://pubs.acs.org.

OLO051170P

Org. Lett, Vol. 7, No. 17, 2005



