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Fluorous Mixture Synthesis: A 
Fluorous-Tagging Strategy for 

the Synthesis and Separation of 
Mixtures of Organic Compounds 

Zhiyong Luo,',~ Qisheng Zhang,' Yoji Oderaotoshi,' 

Dennis P. Curran1* 


The solution-phase synthesis of organic compounds as mixtures rather than in 
individual pure form offers efficiency advantages that are negated by the 
difficulty in  separating and identifying the components o f  the final mixture. 
Here, a strategy for mixture synthesis that addresses these separation and 
identification problems is presented. A series o f  organic substrates was tagged 
wi th  a series of fluorous tags of increasing fluorine content. The compounds 
were then mixed, and multistep reactions were conducted t o  make enantiomers 
or analogs of the natural product mappicine. The resulting tagged products were 
then demixed by fluorous chromatography (eluting in ordir of increasing flu- 
orine content) t o  provide the individual pure components of the mixture, which 
were detagged t o  release the final products. 

We introduce a technique for the synthesis of few products are targeted, solution-phase 
mixtures of organic compounds that simulta- synthesis is almost always used. When larger 
neously solves both the separation and iden- numbers of products are targeted, the options 
tification problems heretofore inherent in so- include solution-phase parallel synthesis, sol- 
lution-phase mixture synthesis. The tech- id-phase parallel synthesis, and solid-phase 
nique, called fluorous mixture synthesis mixture (split-mix) synthesis (9-11). Solu-
(FMS), follows from early fluorous tech- tion-phase synthesis allows for diverse and 
niques such as fluorous biphasic catalysis homogeneous reaction conditions, and prod- 
(1-3) and solution-phase synthesis of small ucts are readily analyzed and identified, but 
organic molecules by fluorous tagging (4, 5) purifications are time-consuming and keep- 
(sometimes called "fluorous synthesis"). We ing all samples spatially separate is ineffi- 
envision a broad range of applications for cient. Solid-phase synthesis renders separa- 
FMS techniques, and here we introduce two tion of excess or spent reagents and reactants 
applications: quasiracemic synthesis and par- easy, and the efficiency of mixture methods 
allel library synthesis. Both are illustrated in allows more compounds to be made without a 
the context of the natural product mappicine proportional increase in effort. But the scope 
(6, 7 ) .  of reactions that succeed on the solid phase is 

The synthesis of small organic molecules still limited, as are methods for purification, 
can be conducted either in solution or on the analysis, and identification of resin-bound 
solid phase (8). When a single product or a products. 

Ideal solution-phase synthesis methods 
would retain the reaction, identification, and of Chemistry and Center for Combina-

torial Chemistry, University of Pittsburgh, Pittsburgh, analysis features of solution-phase 
PA 15260, USA. 2Fluorous Technologies. U-PARC. 970 synthesis while capturing the separation and 
William Pitt Way, Pittsburgh, PA 15238, USA. mixture advantages of solid-phase synthesis. 
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to increase the separation efficiency of solu- 
tion-phase methods (12-15), there is as yet 
no solution-phase synthesis technique that 
allows for operation on mixtures of com-
pounds during a synthesis yet still provides 
for the orchestrated separation and identifica- 
tion of the final products (16-21). 

In FMS, we capitalize on the ability of 
fluorous solid phases to separate molecules 
by fluorine content (5) in a process termed 
"fluorous chromatography." The concept of 
FMS is shown schematically in Fig. 1 and 
involves five stages: tagging, mixing, synthe- 
sis, demixing, and detagging. Members of a 
series of "n" organic substrates (S) are tagged 
with a corresponding number of fluorous tags 
(F). These tags bear the same basic function- 
ality but contain increasing numbers of fluo- 
rine atoms. The tagged compounds (F-S) are 
then mixed and taken through a series of 
steps to make a mixture of fluorous-tagged 
products (F-P). During this stage of the syn- 
thesis, the numerical benefits of mixture syn- 
thesis are reaped because the number of op- 
erations needed relative to serial or parallel 
synthesis is reduced by a factor equal to the 
number of tags n. 

At the end of the synthetic sequence, the 
mixture is separated by fluorous chromatog- 
raphy over silica gel with a fluorocarbon 
bonded phase, whereupon the pure products 
(F-P) elute from the column in order of 
increasing fluorine content. The order of sep- 
aration can be predicted in advance by the 
original taglsubstrate pairings. We call this 
orchestrated process of separation and iden- 
tification "demixing" because it provides the 
individual final products in a step that can be 
loosely considered as the reverse of the orig- 
inal mixing. In essence, the substrates are 
"compressed" at the mixing stage for synthet- 
ic efficiencv and then "decom~ressed at the 
dernixing stage to produce individual prod- 
ucts. Finally, the tags are removed to give the 
individual pure target products (P). 

The simplest possible mixture synthesis 
has two components, and we introduce FMS 
with the new technique of "quasiracemic syn- 
thesis" (22-24), where the two components 
are enantiomers. This technique captures the 
inherent efficiency of traditional racemic syn- 
thesis (two products made in one synthesis), 
yet it provides both enantiomers of the final 
product in enantiopure form without the need 
for a separation on a chiral support. 

We have recently described a synthesis of 
(S)-mappicine by solution-phase methods, 
and this was used as the basis for the quasira- 
cemic synthesis shown in Fig. 2 (25-27). 
Keto-pyridine 1 was individually reduced 
with both enantiomers of DIP-chloride [B-
chlorodiisopinocampheylborane] to give a 
pair of enantiomeric alcohols [>98% enan-
tiomeric excess (ee)]. The (R)-enantiomer 
was tagged with a silyl protecting group bear- 

ing a C,F13 chain to give (R)-2, and the 
(S)-enantiomer was tagged with a group bear- 
ing a C,F,, chain to give (S)-2. These two 
products were then mixed in equirnolar por- 
tions to make the first quasiracernic mixture 
(M)-2, and the remaining steps of the synthe- 
sis were carried out. Exchange of iodine for a 
trimethylsilyl group (IC1) followed by de- 
methylation (BBr,) provides pyndone (M)-3. 
N-Propargylation under standard conditions 
gave radical precursor (M)-4, which in turn 
was reacted with phenyl isonitrile under cas- 
cade radical annulation conditions to provide 
the quasiracemic mixture of protected map- 
picine enantiomers (M)-5. 

The sequence of reactions was carried out 
as in a normal racemic synthesis. Reactions 
were followed by thin-layer chromatography, 
worked up, and purified by flash chromatog- 
raphy. Yields were calculated on the basis of 

Fig. 1. Fluorous mix- tagandm~x 

ture svnthesis. A se- 01 

ries OF"n" substrates ". \ 

the average molecular weight of the mixture. 
Products were characterized by 'H and 13C 
nuclear magnetic resonance (NMR) spectros- 
copy. In no case was any separation of the 
quasienantiorners evident, and both 'H and 
I3C NMR (without 19F decoupling) spectra 
were single sets of resonances with no 
doubling. 

Purification of (M)-5 was conducted first by 
standard chromatography to give the pure qua- 
siracemate, which was then resolved into its 
two components, (R)-5 and (S)-5, by high-
performance liquid chromatography (HPLC) 
separation over fluorous reverse-phase silica 
gel (Fluofix column, Keystone Scientific, 
Bellefonte, Pennsylvania). The quasienanti- 
omers were widely separated, with (R)-5 
bearing the smaller tag, eluting well before 
(S)-5 (18 versus 26 min, respectively). De- 
tagging then gave both individual enantiomers 

dema detag 

F'-P' P'msynthetic fluorous .
(5) is tagged with n : ,,F ' s ' , . F ~ S ~  FIP1 FnPn . -
different fluorous tans silica 

(F), and the t a & d  sn 'Fn F"P" pn 

compounds (~-5Fare 
mixed. The mixture is n n products 

substrates in m (rather than n - m) operations
then taken together 
through a serie; of "m" synthetic steps to provide n products (F-P) in m (rather than n.m) 
operations. The final mixtures are demixed by fluorous chromatography and tagged products elute 
in order of increasing fluorine content of the original tag. The individual tagged products are 
detagged to give the pure target products (P). 

1) (+)-DIPchoride 

OMe 2) B~SI(IP~),CH,CH,C~F,~ TMS \ OMe 

TMS TMS 
0 b) 

1 1) (-)-DIP chlorde & ,'

TMS 

MIX in equal ponlons to 
0 make "quaslracemlc mlxtuie" 

2) B ~ S I ( I P ~ ) ~ C H ~ C H ~ C ~ F , ~  . 

( I P ~ ) ~ s c H ~ c H ~ ( C B F ~ ~ ~  Rf = CsF13and CsFll 

dernixing by - -C) HCCCH2Br 
chromatography

( I P ~ ) ~ S I ( C H ~ ) ~ R ~  

Fig. 2. "Fluorous quasiracemic synthesis" of both enanti- 
omers of mappicine. Tagging: Keto-pyridine 1 is separately 
reduced with both enantiomers of B-chlorodiisopinocam- 
pheylborane (DIP-chloride, 94% chemical yield, >98% ee) 
and silylated with the indicated silyl bromide [dimethyl- 
formamide (DMF), imidazole, 85%] to give quasienanti- 
omers 2. Mixture synthesis: a) ICI, CH2C12, CCI,; b) BBr,, 
CHCl,, 48% overall yield for steps a and b; c) propargyl 

1 detagglng I 

a&::.:; 

(R)  rnapplclne (s)mapp~cne 

bromide, NaH, LiCI, DMF, 61%;and d) C,H,NC, Me,SnSnMe,, sunlamp irradiation, 67%. Demixing: 
Fluorous chromatography over a Fluofix 12OE column with the following gradient: 0 to 20 min, 
90% MeOH/H20 up to 100% MeOH; 20 to 30 min, 100% MeOH. Detagging: Tetrabutylammonium 
fluoride, tetrahydrofuran (THF), 71%. 
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of mappicine in enantiopure form (>98% 
ee). Quasiracemic synthesis should find gen- 
eral use in the simultaneous preparation of 
both enantiomers of a compound for structure 
assignment or comparative assaying. 

The efficiency of mixture synthesis in- 
creases as more compounds are mixed. 
However, when the mixed compounds are 
not enantiomeric or even isomeric, will the 
tag be able to dominate over the tagged 
product in the final fluorous separation? To 
address this question, we made 100 analogs 
of the natural product mappicine by the 
cascade radical annulation route, as shown 
in Fig. 3. This annulation has been used to 
make mappicine and analogs by both tradi- 
tional (26) and solution-phase parallel syn- 
thesis (27). Recently, we also attempted 
(without success) to translate this route to 
the solid phase for split-mix synthesis by 
attaching the secondary hydroxyl group to 
various polymers (28). This effort was 
abandoned because high-yielding reaction 
conditions could not be identified for either 
the N-propargylation or the radical annula- 
tion. despite extensive effort. 

We conducted the four-step sequence 
shown in Fig. 3 to make the small library of 100 
tagged mappicines. The experiment started with 
a mixture of four (racemic) tagged compounds 
(M)-6, where each R' group was coded with a 
different Rf group. There were no intermediate 
purifications. This mixture of compounds was 
subjected to iodinative desilylation and demeth- 
ylation to give (M)-7. The mixture was divided 
into five portions for N-propargylation, and the 
resulting five mixtures (M)-8 were divided 
again by five and reacted with different isoni- 
triles in a combinatorial fashion to give 25 
tagged mappicine mixtures (M)-9, each con- 
taining four components. 

Fig. 3. Synthesis of 
100 mappicine ana-
logs by FMS. Reac- ,,, R 

These final product mixtures (M)-9 
were then demixed under analytical condi- 
tions. Authentic mappicine bearing a 
CF(CF3),('C3F,) tag (i, iso) was added to 
each mixture as an internal standard, and 
the mixtures were analyzed by HPLC on a 
Fluofix column with both ultraviolet (for 
yield and purity) and mass spectrometric 
(for identification and purity) detection. 
This analysis identified 99 out of the ex- 
pected 100 products, with each one emerg- 
ing in the expected order of elution, based 
on the fluorine content of the tag. The 
average four-step overall yield with no in- 
termediate purifications was 11%. This 
yield is comparable to similar reactions 
done serially (27). Preparative demixing 
(see below) was not conducted on all of 
these samples; however, the LC analysis 
showed that 87 of the 99 products could 
readily be isolated in pure form. Two typ- 
ical-mixture HPLC chromatograms are 
shown in Fig. 4. The chromatogram in Fig. 
4A shows a fully separable mixture; the 
first peak is the standard mappicine with 
the 'C3F7 tag. and the four subsequent 
peaks are the products with C4F,, C,F,,, 
C,F1,, and C,,F,, tags, respectively. The 
chromatogram in Fig. 4B shows a mixture 
in which one of the four products (with the 
C4F, tag) could not (readily) be isolated in 
pure form on preparative demixing. [A ta- 
ble of yields and retention times of all 99 
products is available as supplemental ma- 
terial (29).] 

FMS experiments can be conducted on 
typical-solution synthesis scales; the mixtures 
in Figs. 2 and 3 were made on the scale of 0.1 
to 2.0 g, but larger scales are possible. Pre- 
parative demixing is currently limited by the 
size of commercial fluorous HPLC columns. 

We have conducted demixing experiments on 
scales of 7 to 10 mg, and we isolate the 
tagged products in pure form and in yields 
comparable to those expected by HPLC 
analysis. 

These results (87 out of 100 pure final 
products, based on demixing only) are highly 
satisfactory, considering that there was no 
purification over four steps and that the reac- 
tions do not proceed in quantitative yield; 
indeed, both the iodinative desilylation and 
the radical annulation typically occur in only 
40 to 50% each (25, 26). However, we pos- 
tulated that the library quality could be im- 
proved by intermediate mixture purification, 
and we made a new 20-compound library to 
test this postulate. Intermediate purification is 
not an option in solid-phase synthesis be- 
cause compounds would have to be removed 
from beads. 

Mixture (M)-6 was first reacted under 
the standard iodinative desilylation condi- 
tions, followed by standard silica gel flash 
chromatographic purification. HPLC anal- 
ysis [see supplemental material for chro- 
matograms (29)] of this mixture now with 
fluorous silica showed eight peaks in four 
alternating pairs with the larger, faster elut- 

tants. Coding scheme O-SI(IP~),CH~CH,R~ flve propargyl 

for (M)-6 (R, Rf); Pr, 0 , ~ ~ ( ~ ~ r ) 2 ~ ~ 2 ~ ~ 2 ~ f  

C,F,; Et, C,F,,, i-Pr, Pyrdlne (M) 6 Pyrldone (M) 7 

C,Fl,; CH2CH2C,H,,, 
1 mixture of four compounds 1 mtxture of 4 cmds 

Cl0F2,; propargyl bro- 
mides, R2 = H, Me, Et, 
C,Hl,, Si(i-Pr)Me,; 
and isonitriles R3 = R 2 < ' R' 

H, F, Me, OMe, CF,. f ~ v es o n t r ~ e s  
Tagging and mixing: 0 ~ ~ ~ ( ~ ~ r ) 2 ~ ~ 2 ~ ~ 2 ~ f  

The tags and the alco- 
hols were attached Propargyl Pyrldone (M) 8 Tagged Mapplclnes (M) 9 

5 mlxtures of 4 cmds .25 m~xturesoffourcompoundsunder the same condi- .991100 products formed (LCMSI 
tiom as shown in Fig. .87/99 by preparativeso la led ~n pure form could be demxlng 

2 with the indicated 
coding scheme to give 
a mixture of four products 6. Mixture synthesis: The reaction conditions are the same as in Fig. 2. 
The mixture of four compounds 6 was converted to a mixture of four compounds 7,which was then 
split and reacted with the indicated five propargyl halides The resulting five mixtures 8 were split 
and reacted with five isonitriles to give 25 mixtures, each containing four mappicines 9. Demixing 
was conducted on a Waters high-performance liquid chromatograph by fluorous chromatography 
over a FLuofix 120E column with the following gradient: 0 to 30 min, 80% MeOH/H20 up to 100% 
MeOH; 30 to 40 min, 100% MeOH up to 90% MeOH/10% THF. 

-a) ICI c )  R 
* 

2fl~r 
b)BBrs 

Fig. 4. HPLC chromatograms of two mixtures 
(M)-9. The first peak is the internal standard 
mappicine tagged with a -Si(i-Pr),CH2CH2CF- 
(CF,), group. Demixing conditions are given in 
Fig. 3, and the original chromatograms are re- 
produced in the supplemental material (29). (A) 
A representative chromatogram of a mixture 
where all four compounds can be isolated in 
pure form by preparative demixing. (B) A rep-
resentative chromatogram where three of the 
products can be isolated in pure form, but the 
fourth (C,F, tag) is impure and must be chro- 
matographed after detagging. 
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ing member of each pair identified as the 
desired iodide and smaller, slower member 
identified as the silyl pyridone starting ma- 
terial. Demethylation gave a pyridone mix- 
ture (M)-7, which resolved into two com- 
ponents on preparative separation over reg- 
ular silica gel. Liquid chromatography- 
mass spectrometry analysis of the less polar 
fraction showed only four peaks, which 
were the four desired iodopyridones (M)-7. 
The more polar impurity fraction was not 
analyzed but is evidently a mixture of four 
products resulting from failure of trimeth- 
ylsilyliiodine exchange followed by suc-
cessful demethylation. 

The purified mixture was then reacted 
with one propargyl halide [R2 = 
Si(Me2)CH=CH2]. This mixture (M)-8 was 
purified again by silica gel flash chromatog- 
raphy. The purified mixture (M)-8 was divid- 
ed into five portions, and each was reacted 
with the five isonitriles in Fig. 3 to give five 
mixtures of four compounds each [(M)-5, 
R2 = HI. The mixtures were then demixed as 
above after addition of the mappicine stan- 
dard. Each mixture showed only the expected 
four peaks (20 out of 20 products formed, no 
impurities) in the expected order. The aver- 
age four-step overall yield with two interme- 
diate purifications was 6% [see the supple- 
mental material for a table of all yields and 
retention times (29)l. In the experiment, all 
20 products could be isolated in pure form by 
preparative demixing, which illustrates the 
potential benefits of intermediate mixture pu- 
rification when nonquantitative reactions are 
involved. 

Techniaues like fluorous ~uasiracemic 
synthesis, which focus on a single mixture, 
can be used to leverage traditional synthetic 
research (such as natural product synthesis) 
by providing more than one product at the 
end. When used in a parallel synthesis like 
that of mappicine, fluorous mixture meth- 
ods allow the synthesis of multiple complex 
scaffolds made as mixtures. These scaffold 
mixtures are then leveraged in the parallel 
synthesis stage by providing multiple prod- 
ucts per vessel or well in good yield and 
excellent purity after demixing. Although 
this work describes only four-compound 
mixtures, the internal yield standard has a 
fifth tag, so it is already certain that five- 
compound mixtures can be made. On the 
basis of the steep gradient used and the 
peak separations in the HPLC library ex- 
periments, we think that expansion to at 
least 8- and possibly 10-compound mix- 
tures should be straightforward. 
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Reversible Surface Morphology 

Changes of a Photochromic 


Diarylethene Single Crystal by 


Photoirradiation 

Masahiro Irie,* Seiya Kobatake, Masashi Horichi 

The surface morphology of a diarylethene single crystal [1,2-bis(2,4-dimethyl- 
5-phenyl-3-thienyl)perfluorocyclopentene] determined by atomic force mi- 
croscopy changed reversibly upon photoirradiation. The crystal underwent a 
thermally irreversible but photochemically reversible color change (colorless to 
blue) upon alternate irradiation with ultraviolet (wavelength X = 366 nm) and 
visible (X > 500 nm) light that drove reversible photocyclization reactions. 
Upon irradiation with 366-nm light, new steps appeared on the (100) single- 
crystalline surface that disappeared upon irradiation with visible light (X > 500 
nm). The step height, about 1 nm, corresponds to one molecular layer. Irra- 
diation with 366-nm light formed valleys on the (010) surface that also dis- 
appeared by bleaching upon irradiation with visible light (A > 500 nm). The 
surface morphological changes can be explained by the molecular structural 
changes of diarylethenes regularly packed in the single crystal. These crystals 
could potentially be used as photodriven nanometer-scale actuators. 

Photochromism is the reversible transformation 
by photoirradiation of a chemical species be- 
tween two forms that have different absorption 
spectra (1, 2). Among various photochromic 
materials, photochromic single crystals are of 
particular interest because of their potential use- 
fulness for holographic and three-dimensional 
memories (3-6). Although various kinds of 
photochromic crystals have been developed (3, 
7-9), crystals that undergo thermally irrevers- 

ible photochromic reactions (10) are very rare. 
Recently, we have developed thermally irre- 
versible and fatigue-resistant photochromic 
diarylethene crystals (11-21). The photoin-
duced coloration-decoloration cycles of the 
crystals can be repeated more than lo4 times 
while maintaining the shape of the single crys- 
tals, and the photogenerated colored states are 
stable even at 100°C. During our studies of the 
single-crystalline photochromism, we found 
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