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A novel concept for performing stoichiometric and catalytic chemical transformations has 
been developed that is based on the limited miscibility of partially or fully fluorinated 
compounds with nonfluorinated compounds. A fluorous biphase system (FBS) consists 
of a fluorous phase containing a dissolved reagent or catalyst and another phase, which 
could be any common organic or nonorganic solvent with limited or no solubility in the 
fluorous phase. The fluorous phase is defined as the fluorocarbon (mostly perfluorinated 
alkanes, ethers, and tertiary amines)-rich phase of a biphase system. An FBS compatible 
reagent or catalyst contains enough fluorous moieties that it will be soluble only or 
preferentially in the fluorous phase. The most effective fluorous moieties are linear or 
branched perfluoroalkyl chains with high carbon number; they may also contain het- 
eroatoms. The chemical transformation may occur either in the fluorous phase or at the 
interface of the two phases. The application of FBS has been demonstrated for the 
extraction of rhodium from toluene and for the hydroformylation of olefins. The ability to 
separate a catalyst or a reagent from the products completely at mild conditions could 
lead to industrial application of homogeneous catalysts or reagents and to the develop- 
ment of more environmentally benign processes. 

Liquid-liquid biphase systems are frequent- cause the solubility of O2 in fluorocarbons is 
ly used in synthetic, catalytic, and separa- extremely high ( 6 ) ,  fluorocarbons have 
tion processes (1).  The  formation of a liq- been used successfully as oxygen transport 
uid-liquid biphase system is due to the suf- media to aqueous biochemical systems (in- 
ficiently different interlnolecular forces of cluding animal lungs) (7). Surprisingly, the 
two liquids resulting in limited or negligible miscibility of perfluorinated alkanes, ethers, 
solubilitv in each other. The most common- and tertiarv amines with most common or- 
ly used combinations are aqueous biphase 
systems, which consist of water as one phase 
and either hydrocarbons or other low-polar- 
ity solvents as the other. The aqueous phase 
may contain a dissolved reagent or catalyst 
(2). The  use of a separate aqueous phase in 
chemical reactions to make products of low 
water solubility has the potential for easy 
and relatively complete recovery of the wa- 
ter-soluble reagents and catalysts (1, 2). 
Unfortunately, aqueous biphase processes 
cannot be used for water-sensitive chemical 
systems, for example, one in which a com- 
ponent of the system undergoes undesired 
chemical reactions with water. Further- 
more, the low solubility of some organic 
substrates in water is a potential limitation 
of aqueous biphase reagents or catalysts. 

Fluorocarbons, especially perfluorinated 
alkanes, ethers, and tertiary amines, are un- 
usual because of their nonpolar nature and 
low interlnolecular forces (3).  Fluorocar- 

ganic solvents, such as toluene, tetrahydro- 
furan (THF), acetone, and alcohols, is also 
low, and these materials form biphase sys- 
tems under appropriate conditions (8). In 
this article, we describe the fluorous biphase 
system (FBS) concept for catalytic hydro- 
formylation of olefins and its implication 
for chemical transformations. The  term flu- 
orous is introduced, as the analog to the 
term aqueous, to emphasize the fact that the 
chemical transformation is primarily con- 
trolled by a reagent or a catalyst designed to 
dissolve preferentially in the fluorous phase. 
The  fluorous phase is defined as the fluoro- 
carbon (mostly perfluorinated alkanes, 
ethers, and tertiary amines)-rich phase of a 
biphase system. 

- 
urn catalysts (9). One  of the most challeng- 
ing problems associated with 

normal (n) is0 (i) 

the triphet~yl phosphine (PPh3)-modified 
rhodium catalyst, such as HRh(CO)(PPh3),/ 
PPh3, is the separation of higher C,-aldehydes 
(n > 8) from the catalyst (10). The use of an 
aqueous biphase system, in which the water 
phase contains the dissolved catalyst, affords a 
straightforward separation of the organic 
products (2, 11). For example, the water- 
soluble HRh(CO)[P(m-CbH4S03Na)3]3/[P 
(m-C6H4SO3Na),] catalyst systeln has recent- 
ly been developed by RhGne-Poulenc and 
commercialized bv Ruhrchemie for the hvdro- 
formylation of p;opylene (11). ~ e c a u s e  the 
catalytic reaction occurs in the aqueous phase, 
the application of the aqueous biphase systeln 
is limited by the solubility of'the olefins in the 
water phase (12). In contrast, it is expected 
that an FBS compatible 0x0 catalyst, designed 
to dissolve ~referentiallv in the fluorous 
phase, may be used for all hydrophobic olefins 
because the ~roduc t  aldehvdes have lower 
miscibility than the olefins in the fluorous 
~ h a s e  (1 3). The evolution of the fluorous 
biphase hydroformylatioi catalyst is depicted 
in Scheme 1. 

Because very few known phosphines (14) 
appeared to be compatible with the FBS con- 
cept and their synthesis seemed to be difficult, 
we have designed a new procedure for the 
preparation of P[CH2CH2(CF2),CF3l3 (15). 
The role of the two Inethylene groups be- 
tween the ~ h o s ~ h o r u s  atom and the ~erf lu-  . L 

orohexyl moieties is to lower the electron- 
withdrawing effects of the perfluoroalkyl 

~, 

bons are immiscible with water and can be 
used as the nonaqueous phase (4, 5). Be- Hydrocarbon phase 
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groups (or fluorous ponytails). The phosphine 
was prepared by the reaction of lH,lH,ZH- 
perfluoro-l-octene with pH3 (16). Although 
this phosphine is extremely soluble in the 
fluorous phase, gas chromatography (GC) and 
nuclear magnetic resonance (NMR) analysis 
of the separated hydrocarbon phases of vari- 
ous FBS systems showed only trace amounts 
of phosphine at room temperature. 

The hydroformylation of l-decene was 
performed with C6F, ,CF3 as the fluorous 
phase and toluene as the other phase (17). 
The catalyst was prepared in situ from 
Rh(CO)2(acac) (acac, acetylacetonate) 
and P[CH2CH2(CF2),CF3I3 (P/Rh = 40) 
under 75 psi (5 bar) CO/H2(1: 1). The re- 
action was started by charging the auto- 
clave with l-decene at 100°C under 150 psi 
(10 bar) CO/H2(1: 1) pressure, which was 
maintained during the reaction (Fig. 1). 
Upon completion of the reaction, the reac- 
tor was cooled to room temperature and 
depressurized. The two-phase system was 
separated under N2. The upper phase was 
recharged to the clean autoclave. A solu- 
tion of l-octene in toluene was added under 
75 psi (5 bar) CO/H2(1:1) and heated to 
100°C. The pressure was increased to 150 
psi (10 bar) CO/H2(1: 1) and maintained 
for 24 hours. A G C  analysis of the reaction 
mixture showed only trace amounts of l-oc- 
tene conversion. This result indicates that 
the FBS catalyst does not leach catalytically 
active rhodium species to the hydrocarbon 
phase under hydroformylation conditions. 
In contrast, when the lower fluorous phase 
was recharged to the autoclave, the reaction 
proceeded as expected to yield nonanals. 
These results clearly establish the facile sep- 
aration of products from the catalyst as well 
as the ability to reuse the fluorous catalyst. 

General description of the fluorous bi- 
phase concept. The FBS concept is based 
on the limited miscibility of partially or 
fully fluorinated compounds with nonflu- 
orinated compounds (8). The FBS consists 
of a fluorous phase containing a dissolved 
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Fig. 1. The hydroformylation of 158 mmol 1 -decene 
with 0.05 mmol HRh(CO){P[CH,CH,(CF2)5CF3]3}3 
and 1.85 mmol P[CH,CH,(CF,),CFJ, in 35 ml of 
C,F, ,CF3 and 35 ml of toluene at 150 psi (1 0 bar) 
CO/H,(l : 1 ) and 100°C. 

reagent or catalyst and a second phase, 
which may be any organic or nonorganic 
solvent with limited or no solubilitv in the 
fluorous phase. The fluorous phase is de- 
fined as the fluorocarbon (all H atoms are 
replaced with F atoms in the parent com- 
pound)-rich or fluorohydrocarbon (at least 
one H atom is not replaced with F atoms in 
the parent compound)-rich phase of a bi- 
phase system. The most effective fluorous 
solvents are perfluorinated alkanes that may 
contain functional groups, provided there 
are minimal attractive interactions between 
those groups (18). It should be emphasized 
that perfluoroaryl groups do offer dipole- 
dipole interactions, making them less com- 
patible with the FBS concept than perflu- 
oralkyl groups. Perfluoroalkyl ethers and 
tertiarv amines are also good candidates for 
the fluorous phase. An FBS reagent or cat- 
alyst is designed to preferentially dissolve in 
the fluorous phase, although simply having 
a large partition toward the fluorous phase 
could also be appropriate for some applica- 
tions. An FBS compatible reagent or cata- 
lyst could be a fluorocarbon or fluorohydro- 
carbon, with or without functional groups. 
In the case of fluorocarbons. the vresence of , L 

structural features that have attractive in- 
teractions between each other could limit 
the solubility in the fluorous phase and 
should be minimized (1 8). Furthermore, 
such structural features could also have at- 
tractive interactions with the constituents 
of the other phase, which could lead to 
leaching from the fluorous phase. In the 
case of fluorohydrocarbons, the possibilities 
for attractive interactions increase between 
the nonfluorinated parts of the molecule as 

Fig. 2. Phaseseparation of a 
n-hexane (3 ml)-toluene 
(1ml)-perfluoromethylcycl~ 
hexane (3 ml) fluorous bi- 
phase system (21) after shak- 
ing at room temperature. The 
blue color of the fluorous 
phase is due to a perfluoroal- 
Ylated - PMhanlocyanlne 
complex (22): light blue color 
(glass and upper phase) is 
due to reflection. 

well as with the constituents of the other 
phase. 

In all of these cases, it is important to 
limit the attractive interactions by the use 
of fluorocarbon moieties. The most effec- 
tive fluorocarbon moieties are linear or 
branched perfluoroalkyl chains with high 
carbon number that mav contain other het- 
eroatoms (the fluorocarbon tethers or flu- 
orous vonvtails). The insertion of two or 
three {-cH~-) ' groups before the fluorous 
ponytail is necessary to decrease the strong 
electron-withdrawing effects of the fluorous 
ponytails, an important consideration if cat- 
alyst or reagent reactivity is desired to ap- 
proximate that observed for the unmodified 
species in traditional single-phase hydrocar- 
bon solvents. The FBS compatible reagents 
and ligands (for transition-metal catalysts) 
can be prepared by fluorination (19), func- 
tionalization with fluorocarbon com~ounds 
[such as the addition of fluorocarbonAgroups 
to the reagents or catalysts (20)], or by total 
synthesis. 

In order to demonstrate the easy separa- 
tion of the catalyst or the spent reagent 
from the desired reaction products, one of 
the most im~ortant  features of FBS. a model 
system was assembled. The facile phase sep- 
aration of a fluorous bivhase svstem consist- 
ing of 3 ml of n-hexane, 1 ml of toluene, 
and 3 ml of perfluoromethyl-cyclohexane 
(21 ) at room temperature is shown in Fig. 2. 
The blue color of the fluorous phase is due 
to a perfluoroalkylated cobalt phthalocya- 
nine complex (22); a similar copper phtha- 
locyanine complex was previously devel- 
oped as a "Teflon compatible" dye (20). 

Fluorous biphase systems can be used for 

Time (8) 

2 4 6 8 10 
Time (min) 

Fig. 3. Phase separation of a hand-warmed (36.5%) n-hexane (3 ml)-toluene (1 ml)-perfluoromethylcy- 
clohexane (3 ml) one-phase solution after cooling to room temperature. The blue color of the fluorous 
phase is due to a perfluoroalkylated cobalt phthalocyanine complex (22). 
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both stoichiometric and catalytic reactions. 
We  could envision the desirability of ren- 
dering a Wittig-reagent soluble in a fluorous 
phase by perfluoroalkyl chains (or fluorous 
ponytails) attached to the phenyl rings of 
the conventional reagent (23), such as 
CHR=PPh3 (Scheme 2).  The FBS concept 
for the catalytic conversion of reactants A 
and B to product P is shown in Scheme 3. 
The attachment of appropriate fluorous po- 
nytails to the ligands of the homogeneous 
catalyst ensures that the FBS catalyst re- 
mains in the fluorous phase. 

A t luoro~s biphase system could operate 
either in the fluorous phase or at the inter- 
face of the two phases, depending on the 
solubilities of the reactants in the fluorous 
phase. When the solubilities of the reac- 
tants are very low in the fluorous phase, the 
chemical reaction can still occur at the 
interface (see insert in Scheme 3 )  or appro- 
priate phase transfer agents ( I )  may be add- 
ed to facilitate the reaction. Note that a 
fluorous biphase system could become a 
one-phase system by increasing the tetnper- 
ature. For example, the fluorous biphase 

system consisting of 3 ml of n-hexane, 1 ml 
of toluene, and 3 tnl of perfluoromethylcy- 
clohexane (21 ) becomes a one-phase sys- 
tem at 36.5"C (Fig. 3). The ability to oper- 
ate in a one-phase mode could be important 
when mass transfer from the nonfluorous 
phase to the fluorous phase is rate limiting. 
Finally, the peculiar physical properties of a 
fluorous phase could lead to unexpected 
solvent effects, including significantly al- 
tered reactivities or selectivities or both 
(24). 

Fluorous biphase extraction. The appli- 
cation of FBS for the extraction of rhodium 
frotn a hydrocarbon phase with fluorous 
soluble ligands is a novel approach to 
heavy-metal recovery, an extremely impor- 
tant area of environmental chemistry. 
Rhodium is one of the tnost expensive tran- 
sition tnetals used in tnany homogeneous 
catalytic processes, and the chemistry of 
rhodiutn phosphine complexes is well estab- 
lished (25). We have studied the extraction 
of rhodium from toluene with an FBS-com- 
patible phosphine. The extraction of rhod- 
iutn proceeds smoothly when a solution of 

1 Other phase I 

I Fluorous phase 5 I 
.Annr=- (CF2)nCS 

Scheme 3 

Rh(CO),(acac) in toluene is shaken with a 
solution of P[CH2CH2(CF2),CF,], (P/Rh 
= 6)  in. C,F, ,CF3 at room temperature for 
a few minutes (26). Treatment of the flu- 
orous phase with 150 psi (10 bar) CO/H2 at 
70°C resulted in the fortnation of 
HRh(CO){P[CH~CH~(CF2)jCF31~13 (27). 

Catalytic and synthetic opportunities. 
We  have established that FBS is a viable 
approach for effecting chemical transforma- 
tions in the fluorous phase. The ability to 
cojnpletely separate a catalyst or a reagent 
from the nroducts at tnild conditions could 
expand the application of hotnogeneous 
catalysts or reagents in industrial processes. 
In addition, it could lead to the design and 
svnthesis of novel catalvsts and reagents u 

with extremely high selectivity. One impor- 
tant rule for such design is that the reagents - u 

or catalysts have to be fluorous like, because 
it has been known for centuries that "similia 
similibus soluuntur," or "like dissolves like" 
(24). Although new reagents and catalysts 
could be designed to adopt to the fluorous 
environment, many "hydrocarbonlike" re- 
agents or catalysts could be converted to 
"fluorouslike" ones by the incorporation of 
fluorous ponytails of appropriate number, 
size, and shape. It shpuld be reetnphasized 
that the insertion of two or three I-CH,-) 

A .  

groups before the fluorous ponytail is nec- 
essary to decrease the strong electron-with- 
drawing effects of the fluorous ponytails. 
Although it is hard to predict the tnost 
attractive applications of .FBS at such an 
early stage, fluorous extraction of poisonous 
metals from water or hvdrocarbons or both 
seems a challenging new direction for envi- 
ronmental chemistry. The developtnent of 
fluorous reagents and catalysts for selective 
functionalization of organic molecules 
could be another fruitful area for FBS. Fi- 
nally, chiral fluorous reagents and catalysts 
for asymmetric transfortnations could offer a 
new avenue in the affordable synthesis of 
biologically itnportant molecules. 
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Crystal and Molecular Structure 
of a Collagen-Like Peptide at 

1.9 A Resolution 
Jordi Bella, Mark Eaton, Barbara Brodsky, Helen M. Berman* 

The structure of a protein triple helix has been determined at 1.21 angstrom resolution by 
x-ray crystal log raphic studies of a collagen-like peptide containing a single substitution 
of the consensus sequence. This peptide adopts a triple-helical structure that confirms 
the basic features determined from fiber diffraction studies on collagen: supercoiling of 
polyproline II helices and interchain hydrogen bonding that follows the model II of Rich 
and Crick. In addition, the structure provides new information concerning the nature of 
this protein fold. Each triple helix is surrounded by a cylinder of hydration, with an 
extensive hydrogen bonding network between water molecules and peptide acceptor 
groups. Hydroxyproline residues have a critical role in this water network. The interaxial 
spacing of triple helices in the crystal is similar to that in collagen fibrils, and the water 
networks linking adjacent triple helices in the crystal structure are likely to be present in 
connective tissues. The breaking of the repeating (X-Y-Gly)n pattern by a Gly^Ala 
substitution results in a subtle alteration of the conformation, with a local untwisting of the 
triple helix. At the substitution site, direct interchain hydrogen bonds are replaced with 
interstitial water bridges between the peptide groups. Similar conformational changes 
may occur in Gly^X mutated collagens responsible for the diseases osteogenesis im
perfecta, chondrodysplasias, and Ehlers-Danlos syndrome IV. 

Unt i l now, the triple helix was the only 
major regular protein motif that had not 
been elucidated by single crystal x-ray dif
fraction. The triple helix is characteristic of 
collagen proteins, and it also appears as a 
structural element in some proteins with 
host defense functions, such as the macro
phage scavenger receptor (I) and Clq (2). 
The first models for the molecular confor
mation of collagen were proposed in the 
mid-1950s (3-6) on the basis of the unusual 
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amino acid features of collagen and the 
high angle x-ray fiber diffraction pattern of 
tendon. The currently accepted model (5, 
7) consists of three polypeptide chains, each 
in an extended, left-handed polyproline II-
like helix, which are staggered by one resi
due and then supercoiled about a common 
axis in a right-handed manner. Interchain 
hydrogen bonds between C = 0 and N - H 
groups stabilize the structure. 

Triple helix sequence constraints are 
strict. Close-packing of the chains near the 
central axis imposes the requirement that 
glycine occupy every third position, gener
ating an (X-Y-Gly)n repeating sequence. 
Proline and 4-hydroxyproline, which in col
lagens constitute about 20 percent of all 
residues, are found almost exclusively in the 
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