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The rapidly growing field of combinatorial chemistry
has precipitated the development of new techniques
aimed at improving the efficiency of performing chemical
reactions and separations in both the solid- and liquid-
phase.1 Solid-phase chemistry has a great advantage at
the separation stage because the product is easily sepa-
rated by filtration. But the same heterogeneity that is
useful in separation can sometimes be a liability in the
reaction stage.

Recently introduced fluorous synthesis techniques2

capitalize on the immiscibility of fluorous (highly fluori-
nated) phases with organic solvents and water at room
temperature. Fluorous molecules or molecules equipped
with fluorous tags will seek the fluorous phase in a
separation stage but can under heating in a reaction
stage often be dissolved in organic solvents and combined
with organic reactants. Thus, fluorous techniques are a
means of integrating synthetic and purification strategy
in combinatorial chemistry.2a-c Fluorous and solid-phase
techniques can often speed the separation process to the
point where the reaction times limit sample throughput
in a combinatorial or parallel synthesis. Convenient
methods to promote rapid reactions then become impor-
tant. The new microwave technique provides such a
method. The efficiency of microwave flash-heating chem-
istry in dramatically accelerating reactions rates has
recently been proven in several different fields of syn-
thetic organic chemistry,3 among them solid-phase, liquid-
phase, and fluorous palladium-catalyzed reactions.4

Early work in fluorous chemistry employed CH2-
CH2C6F13 tags (shortened F-13),2,5 which had sufficient

fluorine content to drive a number of trialkyltin and
phosphine reagents and catalysts into a fluorinated phase
in a convenient liquid-liquid extraction. However, the
degree of fluorination is critical for achieving a high
partitioning of the tagged compounds into the fluorous
phase,6 and the F-13 tag proved to be too small with
respect to liquid-liquid extraction for some compounds.
The CH2CH2C10F21 (F-21) tag was introduced to enable
an increased partitioning into the fluorous phase, and
this was used with success in fluorous Ugi (Flugi) and
fluorous Biginelli (Fluginelli) reactions, provided hybrid
fluorous/organic solvents were used.5 However, initial
attempts to use the highly fluorous F-21 tin compounds
in Stille and radical reactions were largely unsuccessful.7
Very sluggish reactions and poor yields were encountered
in organic solvents with traditional thermal heating
techniques.7

We now report that flash-heating by microwave ir-
radiation promotes rapid reactions of highly fluorous tin
compounds. The usefulness of the microwave technique
is exemplified by a series of Stille- and radical-mediated
reactions as shown below.

Stille-couplings with organohalides 1a-d and PhSn-
(CH2CH2C10F21)3 (2a) under standard conditions (DMF,
Pd(PPh3)2Cl2, LiCl) were all finished within 6 min of
single-mode microwave irradiation at 50 W (Table 1). In
a typical run with iodobenzene 1a and 2a (entry 1),
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Table 1. Microwave Promoted Stille-Couplings with
F-21 Compound 2aa

a For experimental details, see Experimental Section. b Con-
tinuous irradiation at 2450 MHz. c >95% by GC/MS. d Pd(OAc)2
and P(m-PhSO3Na)3 instead of Pd(PPh3)2Cl2 as precatalyst.
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biphenyl 3a was isolated in 78% yield after standard
three-phase liquid extraction (water, CH2Cl2, FC-84) and
chromatography. The yields of the related products in
entries 2 and 3 were somewhat lower due to the forma-
tion of biphenyl as a side product, arising from phenyl
migration from triphenylphosphine4c,8 in the oxidative
addition complex and homocoupling between two mol-
ecules of 2a. Entry 4 showed an additional formation of
benzylic side products (diphenylmethane and bibenzyl).
Careful chromatography is thus necessary when nonpolar
Stille-coupled products are formed. This purification
problem was eased by the employment of Pd(OAc)2 and
a sulfonated ligand (P(m-PhSO3Na)3, entry 5)9 that afford
a water-soluble byproduct of aryl migration and a water-
soluble palladium catalyst. A slightly higher yield was
encountered with the sulfonated catalytic system (entry
5) compared to the corresponding reaction with Pd-
(PPh3)2Cl2 (entry 2).

The radical-mediated reduction of 4a and cyclization
of 4b,c with HSn(CH2CH2C10F21)3 (2b) in benzotrifluoride
(BTF) yielded products 5a-c in high yields after 5 min
of microwave heating (Table 2). The tin hydride 2b can
also be used in catalytic amounts,10 as shown in the
addition reaction of 4a with acrylonitrile (entry 4). In this
case, a higher yield was found after workup by filtration
through standard silica gel as compared to three-phase
separation (77% vs 64%). This workup, perhaps the most
convenient fluorous/organic separation reported to date,
presumably succeeds because the fluorous tin compounds
are insoluble in the organic eluting solvent and simply

adhere to the top of the column. One-pot, microwave-
assisted fluorous hydrostannylation of diethyl acetylene-
carboxylate 6, followed by Stille-coupling of the resulting
fluorous vinyl stannane with phenyl iodide, delivered 7
in an overall isolated yield of 44% (E/Z 5:1) (Scheme 1).
This is the first example of a vinylic stannane in a Stille-
coupling performed under microwave irradiation.

With these highly fluorous F-21 tin reagents, micro-
wave irradiation is more than an expedient to reduce
reaction times; reactions conducted under traditional
heating either did not work at all or did not work nearly
as well.7 We believe that the advantage with single-mode
microwave heating, compared to traditional heating, is
due to rapid heating, superheating of the solvent, smaller
temperature gradients in the reaction mixture and the
absence of wall effects. The organic and fluorous phases
that form a biphase system at room-temperature coalesce
upon heating, giving a homogeneous solution with a high
organic/fluorous interface area,11 which also could con-
tribute to the success of the microwave-heating experi-
ments. Upon cooling, the biphase system will reemerge.

In conclusion we have demonstrated that microwave
heating allows for the use of F-21 tags as an alternative
to the F-13 tags in Stille-coupling and radical reactions.
The high reaction rate promoted by microwave flash-
heating and the subsequent efficient purification proce-
dures should make the high-speed, highly fluorous
reaction concept attractive for combinatorial chemistry.
The F-21 tin reagents are fluorinated to the degree that
they begin to cross the line between “fluorous” and
“Teflon-bound” tin reagents. They are highly insoluble
in organic solvents and their solubility in hybrid solvents
such as BTF is poor. The ability to promote highly
fluorous reactions with microwave heating is crucial since
it allows for the exploitation of silica gel filtration or the
high partition coefficients in the liquid-liquid extraction
in the separation stage of a reaction process.

Experimental Section

Microwave heating was carried out with a MicroWell 10
single-mode microwave cavity12 from Labwell AB, Sweden,
producing continuous irradiation at 2450 MHz. All reactions
were performed under nitrogen in heavy-walled Pyrex tubes13

with a perforated stopcock with septa. In the event of overpres-
surization, this septum would burst. The inner diameter of the
Pyrex tubes was approximately 5 mm and the height of the
solvent in the tube between 4 and 6 cm. Great care should be
taken when performing pressurized reactions using microwave
heating.14 The reactions were performed without stirring. All
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Table 2. Microwave Promoted Radical Reactions with
F-21 Compound 2ba

a For experimental details, see Experimental Section. b Con-
tinuous irradiation at 2450 MHz. c >95% by GC/MS. d NaBH3CN
added to recycle the tin hydride. e 64% isolated yield by extraction,
77% isolated yield by filtration.

Scheme 1
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chemicals, except 2a and 2b15 were commercially available and
used without further purification. The silica used in circular
chromatography was purchased from Merck (Kieselgel 60 PF254,
1.07749). The silica used for filtration was purchased from Merck
(Kieselgel 60, 1.09385). All isolated products have previously
been characterized and corresponded satisfactory with MS and
NMR literature data.

General Procedure for Stille-Coupling Reactions (Table
1).16 To a heavy-walled Pyrex tube were added the following.
Entries 1-4: 1a-d, 0.10 mmol; 2a, 0.12 mmol (220.4 mg); Pd-
(PPh3)2Cl2, 0.0020 mmol (1.4 mg); LiCl, 0.3 mmol (12.7 mg);
DMF, 1.0 mL. Entry 5: 1b, 0.10 mmol (19.9 mg); 2a, 0.12 mmol
(220.4 mg); Pd(OAc)2, 0.0020 mmol (0.45 mg); P(m-PhSO3Na)3,
0.0040 mmol (2.3 mg); LiCl, 0.3 mmol (12.7 mg); DMF, 1.0 mL.
The reaction mixture was flushed with nitrogen and the screw-
cap tightened thoroughly (finger-tight) before mixing with a
Whirlimixer. Heating was then applied by means of microwave
irradiation. The reaction tube was allowed to cool in the
microwave cavity for a couple of minutes before any handling
of the reaction mixture took place. The solvent was removed
under reduced pressure when the tube had reached rt and the
reaction mixture was thereafter purified by three-phase extrac-
tion. FC-84 (10 mL) and water (10 mL) were added and extracted
three times with 20 mL of dichloromethane. The products were
further purified by circular chromatography. Eluting solvents
for chromatography: 3a, isohexane; 3b, isohexane/ethyl acetate
9:1; 3c, isohexane/ethyl acetate 19:1; 3d, isohexane.

General Procedure for Radical-Mediated Reactions
(Table 2).17 To a heavy-walled Pyrex tube were added the
following. Entries 1-3: 4a-c, 0.10 mmol; 2b, 0.12 mmol (211.3
mg); AIBN, 0.010 mmol (1.6 mg); benzotrifluorid (BTF), 1.0 mL.

Entry 4: 4a, 0.10 mmol (21.5 mg); 2b, 0.010 mmol (17.6 mg);
acrylonitrile, 0.5 mmol (26.5 mg); NaBH3CN, 0.13 mmol (4.1 mg);
AIBN, 0.010 mmol (1.6 mg); BTF/t-BuOH (1/1), 1.0 mL. All
reactions, except the second reaction of entry 4, were worked
up as described under General Procedure for Stille-Coupling
Reactions. 5d was worked-up in accordance to the General
Procedure for Stille-Coupling Reactions in the first reaction and
by filtration through silica with ethyl acetate as solvent in the
other. Eluting solvents for chromatography: 5a, isohexane; 5b,
isohexane/ethyl acetate 2:1; 5c, isohexane/ethyl acetate 5:1; 5d,
isohexane/ethyl acetate 2:1.

Procedure for the Hydrostannylation and Vinylic Stille-
Coupling (Scheme 1).18 To a heavy-walled Pyrex tube were
added the following. Step 1: 6, 0.10 mmol (17.0 mg); 2b, 0.12
mmol (211.3 mg); AIBN, 0.010 mmol (1.6 mg); benzotrifluorid
(BTF), 0.6 mL. The reaction mixture was heated by microwave
irradiation (10 min/60 W) and was allowed to cool to room
temperature before the reagents for step 2 were added directly
to the Pyrex tube. Step 2: PhI, 0.5 mmol (102.0 mg); Pd(OAc)2,
0.0020 mmol (0.45 mg); CuO, 0.3 mmol (23.9 mg); DMF, 0.5 mL.
The reaction mixture was irradiated (8 min/60 W) and allowed
to cool, and product 718 was extracted and purified as described
under General Procedure for Stille-Coupling Reactions. Eluting
solvent for chromatography: 7, isohexane/ethyl acetate 5:2.
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