Acc. Chem. Res. 1998, 31, 641—650

Fluorous Biphase Chemistry

ISTVAN T. HORVATH

Corporate Research, Exxon Research
and Engineering Company, Route 22 East,
Annandale, New Jersey 08801

Received December 12, 1997

Introduction

The development of environmentally benign technologies
is the most challenging goal of contemporary chemistry
and chemical engineering.! Environmentally friendly
chemical processes should be designed to use environ-
mentally benign feeds and solvents, have high product
selectivity at an economical reaction rate (e.g., high
product yield), and utilize efficient reagent or catalyst
recycling systems. While the use of solid reagents and
catalysts with gaseous or liquid feeds and products
provides easy separation, the presence of various surface
species with different activity and selectivity frequently
limits high yields.2 In contrast, homogeneous liquid phase
reactions are generally characterized by high product
yields, but the separation of the products is a major
obstacle for practical applications. One of the most
vigorously pursued research areas of homogeneous transi-
tion metal catalysis has been the development of novel
approaches for facile catalyst recycling.®

The use of liquid—liquid biphase processes, in which
a reagent or a catalyst is designed to reside in one of the
liquid phases and the product forms the other liquid
phase, could be the enabling approach for the commercial
applications of many, very selective chemical reactions.
Since the formation of a liquid—liquid biphase system is
due to the sufficiently different intermolecular forces of
two liquids,* the selection of a reagent or catalyst phase
depends primarily on the solvent properties of the product
phase at a high conversion level. For example, if the
product is apolar, the reagent or catalyst phase should be
polar, and vice versa, if the product is polar, the reagent
or catalyst phase should be apolar. The success of any
biphasic system depends on whether the reagent or
catalyst could be designed to dissolve preferentially in the
reagent or catalyst phase. Perhaps the most important
rule for such design is that the catalyst has to be catalyst
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phase like, since it has been known for centuries that
“similia similibus solvunture”, or “like dissolves like”.5
Thus, the required solubility can be achieved by attaching
appropriate solubilizing groups to reagents of catalysts
(Scheme 1).
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Water soluble reagents and catalysts are known, and
they could offer facile reagent or catalyst separation for
many reactions.® However, aqueous media cannot be
used for chemical systems in which a component of the
system undergoes undesired chemical reactions with
water. Furthermore, the low solubility of many organic
compounds in water could limit the applications of
aqueous reagents or catalysts. Nonaqueous biphasic
systems could overcome some of these limitations, and
alcohols” and ionic liquids® have been used to replace
water.

This Account describes the fluorous biphase concept,®
which opened the way to the development of fluorous
biphase chemistry, providing a complementary approach
to other known biphase systems for stoichiometric and
catalytic chemical transformations.

The Fluorous Biphase Concept

The fluorous biphase concept evolved from the search for
a novel approach for the selective oxidation of methane
to methanol utilizing molecular oxygen, which could be
one of the most important breakthroughs for natural gas
utilization.1° In light of the structure of methane mo-
nooxygenase (MMO)!! and the well-known shape selec-
tivity of zeolites,’2 the development of a “molecular
Y-tube* consisting of three functional channels and a
strategically positioned catalyst was imagined (Scheme 2).
While methane would be delivered to the catalyst site

Scheme 2
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through a hydrophobic channel, just like in MMO, mo-
lecular oxygen would approach the site through a perflu-
orinated channel. The later assumption was based on the
fact that the solubility of oxygen in perfluoroalkanes is
extremely high.1® Finally, the product methanol would
be removed from the active site through a hydrophilic
channel. Since the synthesis of such a molecular reactor
seemed exceedingly difficult, the idea was adapted to
solution chemistry. It became apparent that the miscibil-
ity of perfluoroalkanes with methanol is low, and they
form biphase systems with methanol at room tempera-
ture.’* Thus, the use of a two-phase system, consisting
of a perfluoroalkane phase containing an oxidation cata-
lyst and a product phase being methanol itself, seemed
an attractive approach. To avoid the oxidation of the
catalyst and to achieve high solubility in the perfluoroal-
kane phase, perfluoralkyl chains were to be attached to
the ligand core of the catalyst, e.g., L = (CF,),CF; (n > 5)
in Scheme 1. Although this approach has not resulted in
a new methane oxidation catalyst so far, it led to the
development of a much broader concept.

When it was realized that the miscibility of perfluoro-
alkanes, perfluorodialkyl ethers, and perfluorotrialkyl-
amines is low even with common organic solvents such
as toluene, THF, and acetone,'* a general concept, the
fluorous biphase concept,®® was born which led to the
development of fluorous biphase chemistry. The term
fluorous was introduced, as the analogue to the term
agueous, to emphasize the fact that a chemical transfor-
mation is primarily controlled by a reagent or a catalyst
designed to dissolve preferentially in the fluorous phase.
The fluorous phase was defined as the perfluoroalkane,
perfluorodialkyl ether, or perfluorotrialkylamine rich phase
of a biphase system. Thus, a fluorous biphase system®P
consists of a fluorous phase containing a preferentially
fluorous soluble reagent or catalyst and a second product
phase, which may be any organic or nonorganic solvent
with limited solubility in the fluorous phase. Reagents and
catalysts can be made fluorous soluble by attaching
fluorocarbon moieties to ligands in appropriate size and
number. The most effective fluorocarbon moieties are
linear or branched perfluoroalkyl chains with high carbon
number that may contain other heteroatoms (the “fluo-
rous ponytails”). Because of the well-known electron-
withdrawing properties of the fluorine atom, the attach-
ment of fluorous ponytails could change significantly the
electronic properties and consequently the reactivity of
fluorous reagents and catalysts. Therefore, the insertion
of insulating groups before the fluorous ponytail may be
necessary to decrease the strong electron-withdrawing
effects. For example, theoretical calculations show that
the electronic properties of P[(CH,)x(CF),CFs]s (x = 0, y
=2or4andx=0-5,y = 2) can be tuned by varying the
number of methylene groups [—(CH,)x—] between the
phosphorus atom and the perfluoroalkyl moiety (Table
1).*5 The effect of perfluoroethyl-terminated alkyl pony-
tails, which are sufficient models for longer perfluoroalkyl-
terminated alkyl groups, is small for two (x = 2) and
essentially negligible for three (x = 3) methylene units.
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Table 1. Electronic and Physical Properties of
P[(CHz)X(CFz)yCF3]3 and P[(CH2)3CH3]3

P

P Mulliken protonation

lone pair population energy P—H OHPL

species level (a) (eV) (A)  (deg)
P[CF,CFs3]5 —-11.7 0.83 -6.5 1.189 85.9
P[(CF,)sCFs3]s -11.7 0.83 —6.4 1.192 854
P[CH,CF,CF3]s —10.6 0.62 —7.7 1.205 86.3
P[(CH>).CF,CF3]s -9.9 0.48 -8.3 1.218 92.3
P[(CH_)sCF,CF3]s -9.5 0.40 —8.6 1.225 91.8
P[(CH2)4CF,CFs3]3 -9.3 0.38 -8.8 1.226 92.0
P[(CH_)sCF,CF3]s -9.2 0.36 -8.9 1.228 91.8
P[(CH2)sCH3s)s —-8.7 0.33 -9.3 1.230 91.7

However, the differences between the electronic proper-
ties of P[(CH,)«CF,CF;]; with more than three methylene
groups (x > 3) and P[(CH;)sCHzs]s are small but finite. It
should be noted that the possibility of dipole—dipole
interactions!® render perfluoroaryl-containing reagents
and catalysts more soluble in common organic solvents
and therefore less useful as part of fluorous biphase
systems.

Convincing evidence that such systems can be con-
structed was disclosed more than 40 years ago.l” Re-
searchers at 3M Company have faced the challenging
guestion of how to develop dye pigments which can be
employed for coloring perfluoroalkanes and Teflon, as
ordinary oil or water soluble dyes were not compatible
with perfluorinated materials. Perfluoroalkylation of a
Cu—phthalocyanine yielded a blue dye, which was soluble
in perfluorotributylamine and could be used to prepare a
Teflon compatible ink. It was recently established that
analogous perfluoroalkylated metal—phthalocyanine com-
plexes (Co and Fe) are preferentially soluble in the lower
fluorous phase of a fluorous biphase system consisting of
3 mL of n-hexane, 1 mL of toluene, and 3 mL of
perfluoromethylcyclohexane (c-CgsF1;CF3) at room tem-
perature (Figure 1).%2

Fluorous biphase systems are well suited for converting
apolar reactants to products of higher polarity, as the
partition coefficients of the reactants and products will
be higher and lower, respectively, in the fluorous phase.
The net results are no or little solubility limitation on the
reactants and easy separation of the products. Further-
more, as the conversion level increases, the amount of
polar products increases, further enhancing separation.
One of the most important advantages of the fluorous
biphase catalyst concept is that many well-established
hydrocarbon soluble reagents and catalysts can be con-
verted to fluorous soluble. A fluorous biphase reaction
could proceed either in the fluorous phase or at the
interface of the two phases, depending on the solubilities
of the reactants in the fluorous phase. When the solubili-
ties of the reactants are very low in the fluorous phase,
the chemical reaction may still occur at the interface or
appropriate phase transfer agents may be added to
facilitate the reaction.

It should be emphasized that some fluorous biphase
systems can become a single phase at increased tem-
peratures.’ For example, the fluorous biphase system
consisting of 3 mL of n-hexane, 1 mL of toluene, and 3
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FIGURE 1. Phase separation of a n-hexane (3 mL)—toluene (1 mL)—
€-CgF11CF3 (3 mL) fluorous biphase system at room temperature. The
blue color of the fluorous phase is due to a perfluoroalkylated
cobalt—phthalocyanine complex. Reprinted with permission from
Horvath, I. T.; R&bai, J. Science 1994, 266, 72—T75. Copyright 1994
American Association for the Advancement of Science.

mL of c-C¢F1;CF3; becomes a one-phase system at 36.5 °C
(Figure 2).°2 Thus, a fluorous biphase system could
combine the advantages of one-phase reaction with
biphase product separation by running the reaction at
higher temperatures and separating the products at lower
temperatures.

As frequently happens in science, a new direction is
emerging in a given field, and as a consequence the same
discovery is made independently in different laboratories
practically at the same time. The application of perflu-
orinated polyalkyl ether soluble transition metal (Co, Ni,
and Mn) complexes in catalytic oligomerization of ethyl-
ene, oxidation of cyclohexene, and polymerization and
telomerization of butadiene was described in the Ph.D.
thesis of Vogt.18

Reactions in Fluorous Media

A liquid fluorocarbon as a solvent was first used in the
separation of uranium isotopes in 1940.2° Although the
remarkable chemical inertness, thermal stability, and
nonflammability of perfluoroalkanes, perfluorodialkyl
ethers, and perfluorotrialkylamines make them particu-
larly attractive reaction media,?* they have been sparingly
used?? in the following half century. The first systematic
application of perfluoroalkanes and perfluorotrialkyl-
amines as inert media for organic reactions was published
by Zhu in 199322 and has been followed by others.?4 It
should be emphasized that perfluoroalkanes, perfluorodi-
alkyl ethers, and perfluorotrialkylamines are practically
nontoxic.25 Although their thermal degradation can pro-
duce toxic decomposition products, such decomposition

FIGURE 2. Hand-warmed (36.5 °C) n-hexane (3 mL)—toluene (1
mL)—c-CgF11CF3 (3 mL) one-phase solution. The blue color is due to
a perfluoroalkylated cobalt—phthalocyanine complex. Reprinted with
permission from Horvath, I. T.; Rabai, J. Science 1994, 266, 72—
75. Copyright 1994 American Association for the Advancement of
Science.

generally begins only at very high temperatures well above
the thermal stability limits of most reagents and catalysts.

Fluorous Extraction

One of the first examples for the use of fluorous solvents
in chemical reactions was the photodegradation of fluo-
rous extracts of PCBs-contaminated solid- or liquid-phase
wastes.??¢ It has been shown that the fluorous phosphine
P[CH,CH,(CF,)sCF3]s can be used as a reagent for the
extraction of Rh(CO),(CH3;COCHCOCH;) from toluene and
RhCI; from ethanol by the formation of fluorous rhodium
phosphine species.®

Fluorous Biphase Catalysis

Although most molecular catalysts could be made fluorous
soluble by attaching fluorous ponytails to the catalyst core
in appropriate size and number,2¢ only transition metal
complexes have been converted to fluorous soluble through
ligand modification. Fluorous soluble phosphines,®2”
phosphites,® porphyrins,®28 phthalocyanines,®17:29 dike-
tonates, 830 tris(pyrazolyl)borates,3! bipyridines,3? cyclo-
pentadienes,33 and 1,4,7-triazacyclononane3* have been
prepared. The fluorous analogues of several transition
metal complexes have also been synthesized including
HRh(CO){ P[CH,CHy(CF;)sCF3]z} 3,° the fluorous Wilkinson
catalyst, CIRh{ P[CH,CH,(CF;)sCFz]s} 3,35 the fluorous Vaska
complex, Clir(CO){ P[CH,CH(CF,)sCF3]z} 2,36 and its rhod-
ium analogue,3” fluorous porphyrins with Co, Fe, and Mn
metal centers,28 and fluorous cyclopentadienyl complexes
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FIGURE 3. Molecular structure of Clir(CO){ P[CH,CHy(CF)sCFs]s} 2.2

with Mn, Re, Fe, and Co metal centers.3® The molecular
structure of CIM(CO){P[CHchz(CFz)5CF3]3} 2, (M = Rh,37
Ir3%) has recently been established. Both compounds
contain six pefluorohexyl groups which provide a fluorous
blanket around the hydrocarbon domain of the molecule
(Figure 3). Rhodium K-edge EXAFS studies of CIRh(CO)-
{P[CH,CH,(CF;)sCF3]3}, in the solid state and in fluorous
solution indicate that it maintains its structure in the
fluorous phase.3”

The successful application of any fluorous organome-
tallic catalyst depends on whether the catalyst selectively
partitions into the fluorous phase. In general, a neutral
fluorous compatible organometallic catalyst, M,{L[(R)n-
(Rf)mly}2 contains at least one metal center to which at
least one fluorous ligand, L(R)n(Rf)m, is bonded which
includes the hydrocarbon domain, (R),, and the fluorous
domain, (Rf),. The fluorous partition coefficients (Pggs
= Cfluorous phase/ Cother phase) OF such complexes depend on the
type and size of the fluorous and hydrocarbon domains.
The simplest fluorous domain consist of linear perfluo-
roalkyl chains, with the size of the domain depending on
the number and length of the chains. For example, it has
been shown that the fluorous partition coefficients can
be significantly increased by increasing the number of
perfluoroalkyl groups attached to the ligands (Table 2).38
While the total fluorine content of fluorous compatible
complexes should be above 60%, the number of perfluo-
ralkyl groups is an important factor controlling their
fluorous partition. This is in agreement with the original
proposal that appropriate shielding of the hydrocarbon
domain, which could have attractive interaction within
itself or with the constituents of the nonfluorous phase,
leads to higher fluorous solubility and higher fluorous
partition coefficients.®
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Table 2. Fluorous Partition Coefficients (Prgs =
Ctluorous phase/Cother phase) in 50/50 vol %
c-CeF11:CF3/Toluene

Compound MW % of F | Pgys | Ref.
CF3(CF2)o(CHz)z
CIT?D 750 | 532 181 33
n
7 I'\
OC C CO
o]
CF3(CF2)o(CHy),
= 741 | s38 08| 38
AN
OC CO
CF3(CF7)9(CH.
SACEDNCHL L7 128 | 63 | 20 | 33
F"e
LS (CHy),(CFCFs
CF3(CF2)y(CH3);
S(CECHL 7 1813 | 629 | 29 | 38

Rh
e

RN
o P[(CH2)2(CF2)sCF3l
[CF3(CF2)5(CH2)2]3P i, o a

C1”" Y P[(CHy)y(CFy)sCFsly
H

Py CFD(CH 3},_R|h ‘‘‘‘‘ o PHCHoHCFsCRil; | 3348 | 664 | 190 | 15

2274 65.2 83 38

P[(CH2);(CF2)5CF3)3
o

The application of hydrocarbon soluble phosphine-
modified rhodium catalysts for the hydroformylation of
higher olefins such as decene-1 is limited by catalyst
degradation during distillation of the aldehyde from the
catalysts.3°

HRh(CO)[PR;];

R-CH=CH, + CO + H, RCHZCHZCfg + R(CH;)CH Cf:

normal iso

While the use of water soluble catalysts could provide easy
separation for heavy aldehydes, the low solubility of the
higher olefins in water could limit the application of
aqueous catalysts (Scheme 3).4° In contrast, a fluorous
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Scheme 3. Evolution of the Fluorous Biphase Hydroformylation Catalyst®

Gas Phase Gas Phase Gas Phase
Hydrocarbon Phase [:> Hydrocarbon Phase = Hydrocarbon Phase
Aqueous Phase Fluorous Phase
HRh(CO)[PPh3] 3 HRh(CO)[P(CgH §SO3Na)3]3 HRh(CO){fluorous phosphine}3

soluble phosphine-modified rhodium catalyst appeared
very attractive for the hydroformylation of high molecular
weight olefins as their solubility is high in fluorous media
and the catalyst could be separated from the product
aldehydes. The facile separation of high molecular weight
aldehydes was first demonstrated for the hydroformylation
of decene-1 in the presence of the fluorous soluble P[CH,-
CH,(CF;)sCF3]s-modified rhodium catalyst at 100 °C and
11 bar of CO/H; (1:1) in 50/50 vol % toluene/CgF1,CF;
solvent mixture.® P[CH,CHy(CF,)sCF3]s was selected on
the basis of a semiempirical calculation of the electronic
properties of P[(CH2)«(CF,),CFs]s (x =0,y = 2,4 and x =
0-5,y = 2) (Table 1).15 It was shown that the solution
structure of HRh(CO){P[CH2CH2(CF2)5CF3]3}3 in Cc-CgF11-
CF3 is similar to HRh(CO)(PPhg); in toluene and HRh(CO)-
{P(m-C¢H;SO3Na)3} ; in water. Kinetic studies established
that the reaction is first order in both rhodium and
decene-1, the reaction is inhibited by P[CH,CH,(CF;)s-
CF3]s, and the n/i (normal/iso) ratio of the aldehyde
increases with increasing phosphine concentration.*> The
catalytic activity of the Rh/P[CH,CH,(CF,)sCF;]; catalyst
is similar to that of the nonfluorous analogue Rh/P[(CH,).-
CHzs]; catalyst and is an order of magnitude lower than
that of the Rh/PPh; catalyst. The n/i product selectivity
of Rh/P[CH,CH,(CF,)sCF3]s is closer to the selectivity of
the Rh/PPh; catalyst than that of the Rh/P[(CH;);CHjs]s
catalyst. The fluorous biphase catalyst recovery was tested
in a semicontinuous hydroformylation of decene-1 with
the Rh/P[CH,CH,(CF,)sCF;]; catalyst. During nine con-
secutive reactions/separations a total turnover of more
than 35 000 was achieved with a loss of 1.18 ppm of Rh/
mol of undecanals. The Rh/P[CH,CH,(CF;)sCF3]; catalyst
can also be used for the continuous hydroformylation of
ethylene using the high boiling fluorous solvent FC-70,
which allows the continuous removal of propanal. The
long-term (60 days) stability of the Rh/P[CH,CH,(CF,)s-
CF;]; catalyst is better than that of the Rh/PPh; catalyst.1®
The Rh/P[CH,CH,(CF;)sCF3]s catalyst is the first catalyst
system which can be used for the hydroformylation of
both low and high molecular weight olefins and provides
facile catalyst separation for both low and high molecular
weight aldehydes. It was demonstrated for the first time
that the separation of low and high boiling products can
be achieved by using the same catalyst system in high
boiling fluorous solvents.

The fluorous analogue of Wilkinson’s catalyst, CIRh-
{P[CH,CHy(CF,)sCFs]s} 3, was used as a catalyst for hydro-
genation,** hydroboration,®> and hydrosilylation reac-
tions.#2 For example, the catalytic hydroboration of a

great variety of alkenes and alkynes was achieved using
catecholborane.3> Catalyst loadings of 0.01—0.25 mol %
were effective (25—40 °C, 1-40 h) and gave turnover
numbers as high as 8500! The alkylboranes or alkenylbo-
ranes were readily separated from the fluorous catalyst
and converted to alcohols by the subsequent addition of
H,0,/NaOH to the product phase, and the fluorous
catalyst solution was reused with minimal activity loss.

A ) A0 |5
0By 0 NaOH o

1.40°C/1h HO-B
CIRhL; 2. Extract CIRhL;
CiFy4 C:Fy4
Recycle

Several fluorous soluble nickel catalysts have been used
for the oligomerization of ethylene.’® For example, an
active catalyst was obtained by the reaction of Ni(COD),
with  HOOCCOCH,CO[CF(CF)3;0CF,(CF3)CF]sF. Com-
pared to conventional nickel catalysts, an increased
formation of trans-2-butene was observed for the fluorous
catalysts, and the products were readily separated from
the catalyst phase.

The fluorous medium is especially suitable for oxida-
tion reactions as the solubility of dioxygen is very high in
fluorous solvents®® and perfluoroalkanes are extremely
resistant to oxidation. In addition, most oxidation reac-
tions lead to highly polar products, which are inherently
less soluble in fluorous solvents, thus resulting in easy
separation. The oxidation of cycylohexene using O, in the
presence of fluorous soluble cobalt—phthalocyanato® and
cobalt—carboxylato, Co{ OOCCF(CF)3;[OCF,(CF3)CF]4F},8
complexes has been investigated. While the cobalt—
phthalocyanine complex remained intact during oxidation
and could be separated from the products,®® the cobalt—
carboxylato complex decomposed under the reaction
conditions.*® It has recently been shown that the addition
of 1 equiv of tris-N-[(CH,),(CF,);CF3]s-1,4,7-triazacy-
clononane to M{OOC(CH,),(CF,);CF3}, (M = Mn and Co)
provides fluorous soluble catalysts for alkane and alkene
oxidation in the presence of t-BUuOOH and O,.34

The epoxidation of olefins in the presence of fluorous
cobalt—porphyrins using O, and 2-methylpropanal at
room temperature proceeds with excellent selectivities at
high conversion levels, and the fluorous catalyst can be
reused without decreasing either catalytic activity or
selectivity.28¢
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0 0 0
S~ . >_( o-cat, MeCN/C¢F 4 . >_<
R R H  1bar0,25°C R R OH
The fluorous soluble K[Ru(C;F;sCOCHCOCF;5),] com-
plex has been shown to be an excellent catalyst precursor
for the epoxidation of a variety of disubstituted olefins in
the presence of isobutyraldehyde.2 [t should be noted
that disubstituted olefins are selectively converted to the
corresponding epoxide in the presence of monosubsti-
tuted olefin functional group. The fluorous catalyst solu-
tion was recycled several times with negligible leaching
of the catalyst.

CgH CH
§ ) N\ Ru-cat, Toluene/CgF,;Br  CsH1 (CHZHN

+ 1 bar 0,, 50°C, 12h +
: 0 : 0
H OH
The fluorous soluble Ni(C;F1sCOCHCOC/F;5), catalyzes
the oxidation of aliphatic and aromatic aldehydes to the
corresponding acids under O,.3% |t was established that

the toluene/perfluorodecalin biphase system becomes a
one-phase system at reaction temperature.

R—(O Ni-cat, Toluene/C F ¢ R Zo
H 1bar Oy 64°C, 12h OH

After cooling the reaction mixture to room temperature
and performing phase separation, no leaching was ob-
served and the Ni catalyst was reused six times with only
17% loss of activity.

Diphenyl sulfide and dibenzothiophene were oxidized
to the corresponding sulfones in the presence of fluorous
soluble iron—phthalocyanine catalysts.®® The fluorous
soluble Ni(C;F;5sCOCHCOCF;s), catalyst was also used for
the oxidation of sulfides (R;—S—R;) to the corresponding
sulfoxide (R;—SO—R;) and sulfone (R;—SO,—R,) in the
presence of 1.6 or 5 equiv of isobutyraldehyde, respec-
tively.302

Fluorous Reagents

The fluorous biphase concept is also applicable for
stoichiometric chemical reactions utilizing organic, inor-
ganic, or organometallic reagents provided those reagents
can be made fluorous soluble.®243 For example, a fluorous
Wittig reagent could be prepared by attaching fluorous
ponytails to the phenyl rings of the conventional reagents
such as RHC=PPh;.%2 Perfluoro-cis-2,3-dialkyloxaziridines
were perhaps the first fluorous reagents, although their
capability for reagent separation was not utilized.** They
can be prepared from commercially available perfluoro-
trialkylamines and can be used for mild and selective
hydroxylation of unactivated tertiary C—H bonds in
alkanes,**2 as well as for oxidation of alkenes,*#* alcohols,*4¢
ethers,44d sulfides,#4¢ and silanes.44f

CF;

O cyF
/ 3F;
NA< + RH — N—< + R-OH
7 F CyFy” F

646 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 31, NO. 10, 1998

CF,

The fluorous soluble meso-perfluoropropylporphyrin
was used as sensitizer in singlet oxygenation of electron-
poor substrates.*> Preparative scale test reactions showed
that the fluorous sensitizer has excellent stability and can
be easily recycled.

OH OH

)\/\ Sensitizer, MeCN/C¢F, 4
CeHyp” > CH,  hv,1bar 0,,0°C CeHy N

3
OOH

Because of the apolar nature of the fluorous media, the
application of fluorous reagents is limited to apolar
substrates; e.g., reactions of polar substrates in a fluorous
biphase mode could be too slow for practical applications.
Curran has recognized this limitation and developed a
new protocol for the use of fluorous reagents.#¢ The
reaction of a polar substrate and a fluorous reagent is
performed in a single liquid phase using a common
solvent for both. Benzotrifluoride (BTF, CsHsCF3) has
been shown to have the right solvent properties for several
fluorous reagents. After the reaction is completed all
liquids are removed in a vacuum and the residue is treated
with an organic—fluorous two-phase system to dissolve
the product in the organic phase and the spent fluorous
reagent in the fluorous phase. For reactions producing
water soluble side products a three-phase liquid system
consisting of an organic solvent, water, and a fluorous
solvent is used to separate simultaneously the organic
products, the water soluble side products, and the spent
fluorous reagent.

Curran and co-workers have developed several fluorous
tin reagents with similar reactivity to that of the parent
organic reagents. Tris(2-(perfluorohexyl)ethyl)tin hydride,
[CF3(CF,)sCH,CH,]sSnH, in the presence of 10% AIBN was
used in the radical reductions of various functional groups
(R—X; X = Br, SePh, NO,, and OCS,CH3) in BTF in good
yields.#¢ A catalytic procedure, in which the fluorous
reagent is regenerated in situ from the spent fluorous
reagent [CF3(CF;)sCH,CH,]sSnBr, was also developed for
the reduction of 1-bromoadamantane using 0.1 equiv of
[CF3(CF,)sCH,CH,]sSnH and 1.3 equiv of NaCNBH;. A
three-phase extraction was employed to separate the
adamantane, the inorganic salts, and the fluorous tin
products. The residue of the fluorous extract was recycled
five times with no decrease in yield. This is particularly
important for large-scale application of reagents contain-
ing toxic metals such as tin. Another fluorous tin reagent,
[CF3(CF,)sCH,CH,]3SnAr, was used in palladium-catalyzed
Stille cross-coupling reaction at 80 °C (Scheme 4).472

Scheme 4
1.2 equiv. Ar-Sn(CH,CH,C¢Fj3)3 + 1 equiv. R-X

1. 3 equiv LICUDMF:THF(1:1)
2. 2 mol% PdCl,(PPh3),
3. 22h at80°C

i !

[ Aqueous phase [ Organic phase | Fluorous phase |

4. Removal of THF
5. CH,ClyH,0/FC72

Inorganic salts Ar-R (+Ar-Ar) CISn(CH,CH,C¢F;3)3

Under microwave irradiation the reactions were complete
within 90—120 s instead of about 1 day for thermal
reactions.4”b
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Scheme 5

Excess A\~ OH

+ BrSi(CH,CH,C¢F13)3

1. Et;N/THF/3h/25°C
2. Removalof THF | *
[ Aqueous phase | Organic phase I Fluorous phase |
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2. Removal of BTF

3o [ cgg [ Fen]

f

* '

N—O

Inorganic salts Unreacted reagents .
Side -products RA()\/ OSi(CHCH,CgF 1313

1. HF .pyridine/Et,0
2. Removal of Et,0

3.[aq. NHOI | CH,CL] FCT2

|

Inorganic salts N— 0 FSi(CH,CH,C¢F13)3

g

R: t-Bu (66 %yield, 99% pure)

Bergbreiter and Franchina have designed a fluorous
soluble polymer, which can covalently bind reagents and
thus render them soluble in the fluorous phase.*® A
fluorous solution of the Methyl Red derivative of the
fluorous soluble polymer undergoes instantaneous color
change from yellow to red upon contacting the fluorous
phase with aqueous HCI or a THF solution of HCIL
Addition of NaOH to the water or NEt; to the THF resulted
in rapid deprotonation as evidenced by the color change
from red to yellow.

—F
HC—
L NHCH)NHCO O
29 e

HEG OCHZCHZNEISOZ(CFZ)”C&
H,C
10

Base || Acid

HF NHC!
p,¢  NH(CH;)(NHCO

o G”Mez

HC
[ OCH,CH;NE(S0,(CF,);.,CF,
2
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Fluorous Synthesis

Curran has recently extended the application of the
fluorous biphase concept for multistep organic synthesis*®
which also provides a new approach to liquid-phase
combinatorial synthesis.#?® The fluorous synthesis begins
with the attachment of a fluorous phase label to the
starting substrate with a fluorous reagent. The fluorous-
labeled starting material can then be used in multistep
reactions, and each of the fluorous-labeled intermediates
can be purified by a three-phase extraction. While the
fluorous-labeled intermediates remain in the fluorous
phase, excess reagents and other organic side products
partition into the organic and water phases. The final

product is obtained by detachment of the fluorous label.
The fluorous synthesis has been applied successfully for
the preparation of tetrazoles, isoxazoles (Scheme 5),
isoxazolines, amino acid amides (Ugi condensation), and
dihydropyrimidines (Biginelli condensation).*°

Fluorous Combinatorial Chemistry

Fluorous synthesis can be used in combinatorial chemistry
by replacing the solid-phase label with the fluorous-phase
label shown in Scheme 6.492 The fluorous combinatorial
synthesis approach combines many of the advantages of
solid-phase and organic liquid-phase synthesis: (1) better
molecular control by performing all reactions in the liquid
phase; (2) the fluorous label influences phase behavior;
(c) facile separation of fluorous intermediates from organic
solvents and/or water allows the use of excess reagents
and the formation of spent reagents and side products.*°f

A Fluorous Vision

The most complex and traveled chemical highway im-
portant to mankind is the blood vessels of the human
body. Chemicals enter the blood stream from various
sources by dissolution or suspension and are distributed.
While the chemical management is remarkably efficient,
occasionally chemicals with adverse health effects are
generated or enter the blood stream. There are many
natural processes that keep a healthy composition of the
components of the blood. However, breakdown of these
processes could increase the concentration of unwanted
chemicals. A novel approach for the removal of chemicals
from the blood stream could be the use of fluorous
reagents to extract poisons and other unhealthy molecules
or disarm them by chemical transformations by fluorous
reagents or catalysts. Fluorocarbons have already been
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Scheme 6
Solid/liquid € .. 4
Attachment. ™ interface Filtration Detachment
Reagents
Liquid/fiquid 7]
Attachment interface Phase Detachment
or separation
one phase at @
higher T
= solid phase label % = fluorous phase label

used successfully as oxygen transport media or “blood
substitutes” as well as for diagnosis and drug delivery.5°

While cholesterol is not soluble in perfluorodecalin at
room temperature, after the addition of 10 equiv of
2-perfluorooctylethanol as the fluorous reagent, choles-
terol is detectable in the fluorous medium by GC and
NMR.5?  The formation of a fluorous shower curtain
around the cholesterol through attractive interactions
between the hydroxyl groups of 2-perfluorooctylethanol
and cholesterol (Scheme 7) could be a plausible explana-
tion for the solubilization of cholesterol. It is interesting

Scheme 7
OH---QH ~- o
CF2 C\Fz
CF, CF,
/érz CF2
FFz sz
CF2 C\Fz
ICFz sz
ICFz CF2
cF3 CFy

to note that intravenous infusion of cis,trans-perfluoro-
decalin emulsion into monkeys decreased the blood
cholesterol level.52 It has recently been shown that a
water soluble tricyclic cyclophane receptor®32 and cyclo-
dextrin dimers53b can selectively form inclusion complexes
with cholesterol in water. Attachment of fluorous pony-
tails to such molecules could lead to a simple extraction
process for the removal of cholesterol from the blood
stream. Circulating the blood stream into a liquid—liquid
extractor could allow the selective removal of chemicals
with adverse health effects.

Conclusions

Although fluorous biphase chemistry is still in its infancy,
the results are already indicating that it is a complemen-
tary approach to other biphase chemistries. The ability
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to completely separate a reagent or a catalyst from the
products at mild conditions could expand the application
of liquid-phase catalysts or reagents in industrial pro-
cesses. In addition, it could lead to the design and
synthesis of novel reagents and catalysts with extremely
high selectivity. Although new reagents and catalysts
could be designed to adapt to the fluorous environment,
many “hydrocarbon-like” reagents or catalysts could be
converted to “fluorous-like” ones by the incorporation of
fluorous ponytails of appropriate number, size, and shape.
The insertion of two or three (—CH,—) groups before the
fluorous ponytail may be necessary to decrease the strong
electron-withdrawing effects of the fluorous ponytails, an
important consideration if catalyst reactivity is desired to
approximate that observed for the unmodified species in
traditional single-phase hydrocarbon solvents.

Although it is hard to predict the most attractive
applications of the fluorous biphase concept at such an
early stage, fluorous extraction of poisonous metals from
water or hydrocarbons or both seems a challenging new
direction for environmental chemistry. In particular, the
development of fluorous reagents for the extraction of
radioactive atoms seems particularly attractive, as per-
fluoralkanes were invented as a solvent for the separation
of uranium isotopes. The development of fluorous re-
agents and catalysts for selective functionalization of
organic molecules could be another fruitful area. Fluorous
combinatorial chemistry could certainly have a major
impact on the synthesis of small organic molecules leading
to large molecular libraries. Chiral fluorous reagents and
catalysts for asymmetric transformations could offer a new
avenue in the affordable synthesis of biologically impor-
tant molecules. Finally, the use of fluorous reagents or
catalysts in biological systems seems a logical extension
of the research on artificial blood substitutes and drug
delivery.

Since each chemical reaction could have its own
perfectly designed reagent or catalyst (the chemzyme), the
possibility to select from biphase systems ranging from
fluorous to aqueous systems provides a powerful portfolio
for reagent and catalyst designers.
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