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ABSTRACT
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A new fluorous DEAD reagent bearing two perfluoro-tert-butyloxy groups with propylene spacers shows excellent promise for use in fluorous
Mitsunobu reactions. Pure target products were obtained in good yields after removing fluorous byproducts by FSPE. The new reagent serves
as a prototype for a greener second generation of fluorous reagents bearing tags that are not expected to degrade in the environment to

compounds that are highly persistent or that bioaccumulate in higher organisms.

Fluorous techniques for synthesis and separation are finding
increasing use in small molecule synthesis, large molecule
synthesis, proteomics, and microarraying, among other
applications.> Most techniques are loosely classed as“light”
or “heavy” depending on the number and size of fluorous
tags.® Heavy fluorous molecules typically have 39 or more
fluorine atoms, and separations usually involve either fluorous
liquids or precipitation. Light fluorous molecules usually have
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17 fluorines or fewer and are separated with the aid of a
fluorous stationary phase (often fluorous silica gel). Despite
the diversity of fluorous reaction and separation methods,
almost all fluorous molecules are fashioned from the same
two linear perfluoroalkyl groups, perfluorohexyl (CeF13) and
perfluorooctyl (CgF17), along with a spacer. The combination
of the perfluoroalkyl group and the spacer is called afluorous
tag or ponytail.*

Theinitia vision for fluorous chemistry of Horvéath and Rabai
was as a green method for large-scale chemica production,®
but much of the subsequent development of the field has been
in the direction of small-scale chemica discovery. The origina
vison dill holds promise, but a significant problem has
arisen—it is now widely recognized that perfluorocarbons and
associated compounds that have no carbon—hydrogen bonds
are environmentally persistent because of their exceptiona
chemical stability.® Solvents such as FC-72 (perfluorohexanes)
can potentialy end up in the atmosphere, where they have
exceptionaly long half-lives (tens of thousands of years) and
significant global warming potential.” Alternative hydrofluo-
roether (HFE) solvents® are much more readily degraded in
the environment than perfluorocarbons and can even outperform
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them in some applications.®>©

At first blush, the persistence problem seems limited to
fluorous solvents because fluorous reaction components
inevitably have a large organic domain that is subject to
degradation upon disposal. The concern is that if this
degradation occurs in an oxidative environment, then the
residual fluorous domain will potentially end up as a
perfluorocarboxylic acid.® The degraded acids resulting from
the current generation fluorous tags, perfluoroheptanoic acid
(CeF17CO,H) and perfluorononanoic acid (CgF17CO-H),
bracket the very well-known perfluorooctanoic acid
(PFOA).™ This and related compounds (for example, per-
fluorooctane sulfonic acid, PFOS) are persistent in the
environment and bioaccumulate in higher organisms.

These environmental concerns can potentially be addressed
by using smaller perfluoroalkyl groups, and many materials
applications now focus on perfluorobutyl groups.* The
perfluoro-tert-butyl group ranks very high on Rabai’s scale
of fluorophilicity,*? and perfluoro-tert-butanol (1,1,1,3,3,3-
hexafl uoro-2-(trifluoromethyl)-2-propanol, (CF3)sCOH), has
recently become commercialy available at a reasonable
price.™® Rébai has fashioned afamily of amines bearing one
or severa fluorous tert-butyloxy groups and suggested that
they may be useful fluorous tagging reagents (ponytails).**

Here we realize the goal of using perfluoro-tert-butyloxy
groups as fluorous tags for synthesis and separation in a
Mitsunobu setting.*® Taken together, Rébai’s results'* and
ours suggest that the pairing of a perfluoro-tert-butyloxy
group with a suitable spacer could form the basis of a second
generation of fluorous tags that will be superior for green
chemistry applications to today’s first-generation tags.

To quickly probe the ability of the perfluoro-tert-butyloxy
group to retain compounds on fluorous silica gel, we prepared
benzoate ester 1t and a control bearing a perfluoro-n-butyl
group 1n aong with the analogous phthalates 2t and 2n
bearing two t-C4F0 or n-C4F9 groups, respectively (see
Supporting Information). Each sample was injected onto a
FluoroFlash PF-C8 HPLC column (4.6 mm x 150 mm) with
afluorocarbon bonded phase.® The samples were analyzed
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with a standard gradient starting from 80% agqueous aceto-
nitrile, increasing to 100% acetonitrile over 30 min. The
retention times of the esters are shown in Figure 1.
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compd R Tgr(min) compd R  Tgr(min)
1t O-tCysFg 86 2t O-tCyFy 284
1in n-C4F9 8.2 2n n-C4F9 26.5

a Average of three injections; gradient starting from 80:20 CHaCN/H;0,
increasing to 100% CH3CN over 30 min, Flow: 1 mL/min; FluoroFlash
PF-8 column (FTI)

Figure 1. Structures of model compounds 1t,n and 2t,n and
retention times on fluorous HPLC.2

Pleasingly, the pair of compounds 1t,2t bearing the
perfluoro-t-butyloxy groups had marginally longer retention
times than the controls 1n,2n with perfluoro-n-butyl groups.
Because the pairs of compounds are not isomers (the “t”
series compounds have an extra oxygen atom compared to
the “n” series), it is not safe to conclude that compounds
bearing perfluoro-t-butyl groups will be better retained than
those bearing perfluoro-n-butyl groups. Nonetheless, it is
clear that the two groups are, at a minimum, roughly
comparable in retention behavior. The pair of compounds
2t/2n with the two C,4F¢ groups were also very well retained
(Tr > 25 min), and they are accordingly projected to be
easily separated from organic compounds by standard
fluorous solid phase extraction.

To evauate prospects for FSPE separations,®® we selected
the Mitsunobu setting™ because of itsimportance in synthesis
because Mitsunobu reagents conveniently accommodate two
fluorous groups and, finally, because we have made and
tested several dozen fluorous Mitsunobu reagents over the
past several years.” This collection of reagents serves as a
convenient calibration for reaction and separation properties
of new reagents.

Since spacer effects can be very important in fluorous
Mitsunobu reactions, we initially targeted apair of hydrazides
5e,p with ethylene (€) and propylene (p) spacers, respec-
tively. Fluorous hydrazide 5p was synthesized from per-
fluoro-t-butanol in three stepsin 66% overall yield as shown
in Scheme 1. Specificaly, treatment of the alcohol with KOH
in THF followed by addition of BrCH,CH,CH,OH gave
fluorous acohol 3p in 79% yield after distillation. Alcohol
3p was reacted with carbonyl diimidazole (CDI) to provide
an intermediate (presumably imidazolide 4p),*" which was
directly reacted with hydrazine monohydrogen chloride and
triethylamine. The fluorous hydrazide 5p was isolated as a
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Scheme 1. Synthesis of Spacer Reagents 3e,p and Hydrazides

5e,p
1) KOH
+C4FgOH — £C4F50(CHy)0H
2) Br(CHg)OH
2 3e,n=2
3p,n=3
X
N
CDI £C4FgO(CH0” NN
de, n=2
4p,n=3
NHoNH,LHC! j\ )oj\
—_——
EtsN t-C4F9gO(CH») O N_N O(CH,)n0-t-C4Fg
5e,n=2
5p,n=3

white solid in 83% vyield after standard chromatography.
Fluorous hydrazide 5e was synthesized by a similar route
starting with BrCH,CH,OH and was isolated in 63% overall
yield. The ssimple, high-yielding preparation of alcohols 3e
and 3p recommends them as general reagents to introduce
t-C4F9O groups with spacers in place.

Hydrazides are the byproducts of Mitsunobu reactions that
need to be separated from target products. To evaluate the
performance of the new fluorous hydrazides, samples of 5e,
5p, and control fluorous hydrazides 5n (bearing (perfluoro-
n-butyl)propyl groups) and 6n (bearing larger (perfluoro-n-
hexyl)propyl groups) were injected onto FluoroFlash HPLC
under the above conditions.

The retention times for these injections are listed in Figure
2. The retention times of 5e (13.4 min) and 5p (16.9 min)

1,
R(CHO™ ~N—N

O(CHy),R
compd n R Tr{min)
5p 3 O't'C4F9 16.9
Se 2 O-[—C4F9 13.4
5n 3 n-C4F9 15.4

6n 3 n-CeF13 347

4 8ame conditions as Figure 1

Figure 2. Structures of new (5p,e) and control hydrazides and
retention times on fluorous HPLC.2

are much shorter than that of the phthalates 2t (28.4 min,
Figure 1). Thisis because of the polar hydrazide functional-
ity. The fluorous hydrazide 5p with propylene spacer showed
aretention time of about 1.5 min longer than the control 5n
(15.4 min). As before, the compounds are not isomers, but
this result reinforces the conclusion that compounds with
O-t-C4F9 groups will be better retained on fluorous silica gel
compared to those with n-C4F9 groups. We expected the
hydrazide with the ethylene spacer 5e to have a shorter
retention time,>” and indeed, it eluted about 3.5 min before
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5p. Not surprisingly, hydrazide 6n with eight more fluorines
than the other three compounds shows a significantly longer
retention time (34.7 min).

Under these HPL C conditions, compounds with retention
times more than about 12 min should be suitable for FSPE
separation. We expected the Mitsunobu reagent derived from
5p to exhibit superior reaction performance to that derived
from 5e,1® and conveniently, 5p was also better retained
than 5e. Thus, the preferred Mitsunobu reagent is clearly
7p (eg 1), which was produced in quantitative yield by
exposure of 5p to bromine and pyridine in benzotrifluoride
(CeHsCFs, BTF). The crude bright yellow liquid 7p obtained
upon workup exhibited excellent purity by *H NMR analysis
and was used as is in subsequent reactions.
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pyridine, Bry
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The Mitsunobu reaction between 4-cyanophenol 8 and
p-fluorobenzyl acohol 9 was chosen as afirst test for fluorous
DEAD 7p (eg 2) because its success has been shown to be
predicted on the presence of suitable spacers in the fluorous
Mitsunobu reagent.>™ A solution of 7p (0.42 mmol) in THF
(5 mL) was slowly added to a solution of 8 (0.42 mmol), 9
(0.23 mmoal), and a fluorous triphenyl phosphine (Ph,PCgH4-
p-CH,CH,CgF17, F-TPP, 0.42 mmol) in THF (5 mL). After
8 h, the crude mixture was concentrated and the residue taken
up in ether and washed with aqueous sodium hydroxide (to
remove excess phenol).

OH F
. 7p, F-TPP ﬁ@F
THE . N °© @
CN OH
8 9 10a 90% yield, 96 % GC purity

F-TPP = PhyPCgH4-p-CHyCH,CgF 17

The concentrated crude reaction mixture was then loaded
onto a 20 g FluoroFlash cartridge™ with MeOH.*® With the
aid of a new SPE apparatus (see Supporting Information),
the cartridge was washed with MeOH/H,0 (80/20) to elute
the organic product. The MeOH/H-0 fraction was concen-
trated and dried to give 4-cyanopheny! 4-fluorobenzyl ether
10a in 90% yield and 96% GC purity. A second wash with
100% MeOH eluted 5p and the fluorous triphenylphosphine
oxide (F-TPPO) in 95% recovery. Hydrazide 5p and F-TPPO
were separated by flash chromatography. The reagents were
reactivated for later use for other experiments.

To explore the scope of the new fluorous DEAD reagent,
five different nucleophiles with various pK,' s were coupled
with assorted primary and secondary alcohols using 7p and

(18) This corresponds to about a 3% weight loading of the cartridge.
We attempted a similar experiment with a 5 g cartridge (the size used for
the standard Mitsunobo reagent with 26 fluorines), but significant break-
through (~20%) of the fluorous products into the organic fraction was
observed. Thus, the presence of fewer fluorines in 7p (18 fluorines) must
be offset by lower loading in the FSPE.
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F-TPP. The products were isolated by FSPE as above, and
their structures along with yields and purities are summarized
in Figure 3.

o O

10c¢ 64% yield, 97% GC purity

10d 92% vyield, 96% GC purity

O
IN—/:
(o]

10f 96% yield, 96% GC purity

¥”‘CGH1 3
SOsNBoc

10b 91% yield, 95% GC purity

10e 95% vield, 97% GC purity

°2N_®_/<:J

109 95% vyield, 92% GC purity

Figure 3. Yield and purities of products from Mitsunobu reactions
with 7p.

In five of the six reactions, including the one with
2-octanol, the yields were higher than 90% and crude product
purities were very good (92—97%). The reaction of 3-me-
thylphenol and p-fluorobenzyl alcohol provided 10c in 64%
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yield, which is comparable to the result with the commercial
reagent 6n (60%).2"® The moderate yield is presumably due
to the relatively high pK, of 3-methylphenol.

In summary, a new fluorous DEAD reagent 7p bearing
two perfluoro-t-butyloxy groups with propylene spacers
shows excellent promise for use in fluorous Mitsunobu
reactions. Following reactions of assorted nucleophiles and
alcohols with 7p and a fluorous phosphine, we obtained pure
target products in good yield after removing fluorous
byproducts by FSPE. The FSPES succeed even though 7p
has eight fewer fluorines than the current commercial reagent
6n, but this lower fluorine content must be offset by lower
loading on FSPE. Reagent 7p serves as a prototype for a
greener second generation of fluorous reagents bearing tags
that are not expected to degrade in the environment to
compounds that are highly persistent or that bioaccumulate
in higher organisms.
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