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The use of an impure starting material in a typical organic
reaction is generally a recipe for producing an impure product.
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Accordingly, each organic reaction is usually followed by @ Figyre 1. Cartoon of Fluorous Triphasic Transportative Detagging

separation. Despite the efficiency advantage, reactions and

separations are rarely coupled in any substantive 3tdgrein,
we describe the first examples of “fluorous triphasic reactions”.
In these processes, a liguitiquid separation is directly coupled

autopurifying process in which an impure starting material reacts
to generate a pure product.
We conducted a series of preliminary experiments with pure

with a chemical reaction to provide a pure product starting from fluorous silyl ethers to identify suitable fluorous tags, reagents,
an impure precursor. The reaction and separation occur simulta-and solvents for the triphasic reaction (eq 1 and Table 1). The
neously rather than sequentially, and the reaction drives the F-phase in all cases was FC-72 (perfluorohexanes), and aceto-
separation. nitrile was chosen as the standard solvent for the S-phase. P-phase
Fluorous triphasic reactions emanate from fluorous biphasic solvents and reagents were initially probed with silyl etheof

reactiond and other techniques based on fluorous/organic liguid
liquid extractions' They also extend so-called “fluorous synthesis”
techniques in which organic molecules are reversibly tagged with
fluorous tags during a part of the synthesiBhese techniques
typically rely on solid-liquid extraction because the number of
fluorines needed for liquidliquid extractions is unduly largé.

2-(2-naphthyl)ethanol (Rf CgF47). This was added to the S-phase
(acetonitrile), and a reagent was added to the P-phase in the
indicated solvent. After completion, the reactions were worked
up to determine the total yield of product from the amount isolated
from the S- and P-phases. In the ideal experiment, all the product
should be in the P-phase.

The transportation features of three liquid phases (usually two
aqueous, one organic) are well-knoWwout are rarely used in
synthesis.

The present fluorous triphasic reaction is used to remove a
fluorous tag from a precursor with concomitant separation of the
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detagged organic product from organic impurities, as shown in 1a 2-2-naphthyhethy! CoFrr 2
Figure 1. A simple U-tube holds a lower fluorous phase (also :" Z’g-"a”:‘:y:;“:y: Ccm:v 2
“ I H c ~(2-naphthyl)ethyl 6F13 2
called the “F-phase”) that serves as a barrier to separate two upper 1 2-2-naphhyhethy i, ;
organic phases. The substrate is added to one organic side (the 1e 2-(2-naphthyhethy! P 2
“S-phase”), and the product is formed in the other (“the P-phase”). (8)3  {(SH-)1{2naphthyliethyl  CyFir (s
; ; ; ; _ 5 PhCH=CHCH, [ 6
In the generalized reaction in Figure 1, a fluorous-tagged precursor , onCh, o .

contaminated with nontagged (organic) impurities is added to the
S-phase, and a reagent to remove the fluorous tag is added to the
P-phase. The reagent should have negligible solubility in the
F-phase to prevent its transport to the S-phase.

Over the course of the reaction, the tagged substrate migrates
from the S-phase through the F-phase to the P-phase, whereupon
the tag is promptly removed by the reagent. The detagged product
is now stranded in the P-phase, because it lacks the tag that We first examined different cleavage reagents with 95%
rendered it soluble in the F-phase. The impurities have no tag in MeOH/H,O as the P-phase solvent. In initial experiments (entries
the first place, so they cannot migrate from the S-phase to the 1—6), only the F-phase was stirred. Reasonable yields and P-phase
P-phase. The residual tag has a relatively high fluorine content selectivities of 2-(2-naphthylethand)were obtained with AcOH
and partitions back to the F-phase. The result is a kind of and CsF (entries 1,2), but the best results were obtained by using
H,SO, or H,SiFs in aqueous MeOH. Alcoho? was observed
only in the P-phase in high yields (entries 3 and 4). Various
solvents were examined with,HiF, and MeOH and DMF were
found to be more effective than MeCN (entries@). The reaction
was accelerated when each phase was stirred during the reaction
process (see the modified U-tube reactor in Figure 2 of the
Supporting Information). The desilylation reactions were com-
pleted in 18-20 h (rather than 24 days) with HSO, or H,SiFs,
and2 was obtained only in the P-phase (entries 3 and 4 vs 7 and
8). This apparatus was adopted for all subsequent experiments.

Next, the effect of the partition coefficienif) values on the
reaction was examined by using silyl groups of differing fluorine
content (entries 912). The reaction olb (Rf = C;¢F>1) with a
K, of 2.7 required 6 days to give in quantitative yield (entry
9). However, the long reaction time resulted in back transport,
and the final product was distributed in a ratio of 84/16 in the P-
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Table 1. Deprotection of the Fluorinated Silyl Ethers Using the to give (S)4, 6, 8, and14 in 87—95% yields with high P-phase

Triphasic Reaction System in Eq 1 selectivities (entries 1315,19). TheK, values of (S)3, 5, 7, and
product 13bwere 0.72-1.9. However, the reactions of the aliphatic silyl
ratio ethers9, 11, and 13a, whoseK, values were 5.68.2, needed
sub- solvent yield (P-/S- longer reaction times (7 days or more), which resulted in
strate Kp® reagerit (R-phase) time product(%) phase) decreased selectivities (entries-188)2° The fluorous silyl ether
1 1a 092 ACOH MeOHH,O° 6d 2 54 96/4 15 of the natural product mappiciffeunderwent desilylation at
2 la CsF MeOH-H,O¢ 4d 2 8¢ >99/1 40 °C to give free mappicinél6 in 65% yield, although the
3 1la H.SOs  MeOH-HO° 4d 2 92 >99/1 reaction did not go to completion in 7 days because of the low
4 la H:SiFs  MeOH 2d 2 96 >99/1 K, (0.11) of15 (entry 20). Mappicine6) is highly insoluble in
5 la H,SiFs  DMF ld 2 89 >99/1 FC-72, so back transport was not observed.
673 ia :22":6 megﬁ_H o 118dh. 3 g? - ggg/f To show that triphasic reactions can be used to purify products
8 1a 2SO e 2 X derived from impure reactants, we examined the purificative
a H,SiFs MeOH 20h 2 92 >99/1 ) X o o
91b 27 HSiFs MeOH 6d 2 ~99  84/16 deprqtectlon of silyl ethers d_oped \_Nlth impurities (eq 2).
10 1c  0.39 HSiFs MeOH 15d 2 90 86/14 Fluorinated compounda was mixed with various amounts of
11 1d  0.12 HSiFs MeOH 3d 2 96 67/33 (rac)-1-(2-naphthyl)ethanol, (rad)-This mixture was added to
12 1le  0.015 HSiFs MeOH 7d 2 97  59/41 the S-phase and subjected to the usual triphasic reaction condi-
13 (S)-3 1.5 HSiFs MeOH 2d (54 87 98/2 tions. The corresponding alcoh@lwas obtained free of 1-(2-
145 13 HSik MeOH 15d 6 90 >99/1 naphthyl)ethanol, (rac}-(entries 14, in Table 2).
15 7 0.72 HSiFs MeOH 3d 8 95  95/5
16 9 82 HSiFs MeOH 7d 10 91 84/16 —— Nonfuorous
17 11 50 HSiFs MeOH 7d 12 38 74126 Joged, notuarus |, Uk S @
18 13a 57 HSiFs MeOH 7d 14 >99  91/9 P | Fphase
19 130 1.9 HSiFs MeOH 15d 14 93 96/4 Sphase  Pephase Pophase POt
20 15 0.11 HSO; MeOH-H,0° 7d 16 63 >99/1

Purificative deprotections of the chiral silyl ethers (&Gand
* The Kp values of substrates were measured between FC-72 and(R)-17) were examined in the presence of the enantiomerically
MeOH. ® The amount of reagents used is as follows: HCI (2 equiv) in - hyre mirror image alcohols using the triphasic reaction system.

entry 1, AcOH (35 equiv) in entry 2, CsF (3 equiv) in entry 330, : : : :
(1 equiv) in entries 4 and 8, 48iFs (2 equiv) in entries 57 and 920, The deprotection reaction of (8){1.0 equiv) proceeded in the

<The ratio of MeOH/HO is 20/1.9 Compoundla was recovered in  Presence of (R)f)-1-(2-naphthyl)ethanol, (R3{1.0 equiv), and
36% and 8% yields from the S- and F-phases, respecti¢€gmpound 1-(2-naphthyl)ethanokl, was obtained in 83% total yield in a
lawas recovered in-10% yield from the F-phaséThe reaction was ratio with 41/59 in the P-/S-phases (entry 5). The ee values of
not complete in 7 days, antll was recovered in 55% yield from the  1-(2-naphthyl)ethanol obtained wer97% (S) and 90% (R) in
F-phased The reaction was carried out at 40. The reaction was not  the P- and S-phases, respectively. The chiral silyl etherl{R)-
%0[,?5,{25 Isr;irZin%a):)Sf g”p‘f]i;"’easo r:Ie;/CZ\IIIertﬁ?elen Sr?;/soeélelsctjir:re%m ;22 (1.0 equiv) also underwent the purificative deprotection in the
apparatus In Supporting Information D phenyipropyl benzoate was ebtaned n 76% iotal yield in a

Table 2. Purificative Deprotection from the Mixture of Fluorinated ~ 39/61 ratio in P-/S-phases after protection of 2-phenylpropanol

and Nonfluorinated Compounds Using the Triphasic Reaction with benzoyl chloride. The ee values of 2-phenylpropyl benzoate
System in Eq 2 were 89% (R) and 87% (S) in the P- and S-phases, respectively.
ratio of These triphasic reactions use the fluorous tag to allow
tagged nonfluorinated yield product transportation of the impure tagged substrate from the S-phase
substrate contaminant (equi¥) time (%) (P-/S-phases) through the F-phase to the P-phase where it is detagged to provide

the final pure product. The detagging reaction drives the non-

1 1 1-(2-naphthyl)ethanol  1d 2,87 99/1 AR
a ( n{;p yhethano equilibrium transport of the product to the P-phase in this intimate

2 1a 1—((20—.r12aphthyl)ethanol 15d 2,96 96/4 coupling of reaction and separation. This class of fluorous triphasic
(0.4) reactions is ideal for use in final detagging of a fluorous substrate

3 1la 1-(2-naphthyl)ethanol  3d 2,97 95/5 in a fluorous synthesis exerci%dn addition, enantioselective
(0.6) fluorous tagging of racemic mixtur&sfollowed by triphasic

4 1a 1-(Z-naphthylethanol ~ 2.5d 2,96  94/6 detagging provides a new option for resolution of racemates.

5 (9)3 (R)(-l(f))-l-(z-naphthyl)- 2d 4,89 41/59 ¢97%ee/ Many other applications of triphasic reactions can be envisioned.
ethanol (1.0) 90%ee) For example, the use of a fluorous reagent or catalyst in the

6 (R)}17 (S)-(-)-2-phenylpropanol2d 18, 76*¢ 39/61 (89%ee/ F-phase will allow the transportative coupling of two organic
1.0 87%ee)d reactants. Finally, the ability to couple triphasic reactions in

sequence may ultimately allow for real-time, multistep synthesis/
aThe equivalents were based on the tagged substfaiée yields d y Y psy

h : . separation processes.
were based on the total amount of both enantiomers in the reaction.
¢ The enantiomeric purity of the corresponding alcohols obtained in  Acknowledgment. We thank the National Institutes of Health for
each phase is shown in parentheses. The ee values were determineflinding this work. We are grateful for the experimental contributions of
by optical rotationd The yields and ee values were determined after Dr. Shigeru Wada, who initially developed the fluorous silyl groups.

conversion of 2-phenylpropanol into the corresponding benzoate. Supporting Information Available: Detailed experimental proce-

dures for all the data in the Tables along with transport rates, partition
coefficients, and a photograph of the apparatus (PDF). This material is
?vailable free of charge via the Internet at http://pubs.acs.org.

and S-phases. ReactionsIof,d, which contain fewer fluorines
(CeF13, CaFg) with lower K, values (0.39, 0.12), also required
longer reaction times; this caused an increase in the back transpor
of product2 (entries 10,11). The control substrdtebearing no JA011716C
fluorines (CsH,) gave ESpema”.y poor re.SUItS (entry 12). T_'hese (8) See Supporting Information for control experiments measuring transport
results suggested that the optinig] for triphasic deprotection  rates of nonfluorous compounds.
reactions of small organic molecules in U-tubes is roughly 1. (9) The reaction ofL1 was not completed even after 2 days under the
To assay generality, fluorinated silyl ethers derived from ordinary monophasic conditions, whereas the reactidhweés completed in
. Icohol ’ ined. Th ic silvl ethers(s 30 min under the same conditions.
various alcohols were examined. The aromatic silyl ethers(S)- (10) Hungerhoff, B.; Sonnenschein, H.; Theil, Aagew. Chem., Int. Ed.
5, 7, and13b underwent the triphasic deprotection very smoothly 2001, 40, 2492.




