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Palladium-catalyzed fluorous Stille cross-coupling reactions with organic halides or triflates require
only 90—120 s for completion when conducted under microwave irradiation. Comparable thermal
reactions require about 1 day. Fourteen different coupling products were synthesized and isolated
in good yields after three-phase extraction (FC-84, dichloromethane, water) and chromatography.
The examples extend the scope of the fluorous Stille coupling with respect to both the tin and
halide/triflate components. Applications in parallel synthesis are suggested.

Introduction

Among the many examples of microwave-assisted
organic reactions that have been disclosed,® few are
transition-metal-catalyzed transformations.? The dra-
matic acceleration of reactions upon microwave irradia-
tion has been demonstrated in the palladium-catalyzed
Heck, Suzuki, and Stille reactions both on solid phase®
and in solution.* Full conversions are achieved in a few
minutes, and high yields of isolated coupling products
are obtained.

The Heck,®> Suzuki,®” and Stille® reactions constitute
robust and general methods for C—C bond formation and
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have therefore emerged as important reactions in parallel
synthesis and combinatorial chemistry.® Recently, a
modification of the Stille coupling that relies on fluorous
tin reactants was introduced.’® Readily available tin

PACly(PPhg), (2%
(CeF13CHoCHy)aSnAr  + - 2(PPh (2%)
LiCl (3 equiv), DMF

1 80 °C, 1 day

R-Ar  + LiX +  (CeF13CHsCHy)sSnCI

2 organic
product

fluorous
product

inorganic
product

reactants 1 bearing 39 fluorine atoms couple with aryl
halides, aryl triflates, and benzyl bromides to form
products 2 in good yields. The method provides attractive
features for preparative organic synthesis and promising
options for liquid-phase combinatorial synthesis? be-
cause the organic, inorganic, and fluorous (tin-containing)
products can be separated at the end of the reaction by
a simple three-phase extraction with an organic solvent,
water, and a fluorocarbon solvent.1®

Offsetting the advantages of the fluorous Stille reaction
are some detractions. The long reaction times required
(about 1 day at 80 °C) are a significant drawback for
rapid parallel synthesis applications. More generally, all
fluorous methods?® need to come to grips with the low
solubilities of fluorous compounds in many types of
organic solvents, and several strategies have already
been proposed.l’®¢ The microwave heating technique
offers potential solutions to these problems, and we
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decided to undertake a study of microwave-promoted
fluorous Stille coupling reactions to evaluate the ef-
fectiveness of microwave irradiation on a prototypical
fluorous reaction.

Results and Discussion

A series of fluorinated aryltin, heteroaryltin, and
allyltin reactants la—e (1.2 equiv) were reacted with a
variety of organic halides and triflates (0.20 mmol, 1.0
equiv) in the presence of lithium chloride (3.0 equiv)°P
and a catalytic amount of bis(triphenylphosphine)palla-
dium(I1l) chloride®? (0.02 equiv) in DMF, a microwave-
active solvent.®® The reactions were performed under an
atmosphere of nitrogen in sealed Pyrex vessels,'* and a
commercially available single mode cavity producing
continuous irradiation was used.*®> All reactions were
completed in less than 2 min with microwave dielectric
heating and a microwave power of 50—70 W.

The preparative results are summarized in Table 1.
All reactions provided fair to good yields of isolated
products after workup by three-phase extraction (per-
fluoroheptanes (FC-84),'¢ dichloromethane, water) and
subsequent chromatography (Table 1, entries 1—16). The
three-phase extraction procedure was also applied prior
to GC—MS injections (for monitoring of the reactions) to
ensure removal of tin compounds, which are deleterious
for the GC columns. The results in Table 1 illustrate that
not only aryl halides, aryl triflates, and 3-chlorobenzyl
bromide but also vinyl triflates (Table 1, entries 10 and
12) are suitable coupling partners. Furthermore, we
learned that the previously unreported fluorous allyl tin
reactant le reacts smoothly to give the desired product
2n with no traces of the conjugated isomer (Table 1, entry
16).

A low chemoselectivity was encountered with 4-bro-
moiodobenzene (Table 1, entry 5). This reaction produced
the doubly coupled product 2d in 39% yield along with a
considerable amount of 4-bromobiphenyl (15%). Appar-
ently, there is only a small preference for the aryl—iodide
bond, compared to the aryl—bromide bond, to undergo

(12) Bis(triphenylphosphine)palladium(l1) chloride acts as a pre-
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Stille conditions. Baker, S. R.; Roth, G. P.; Sapino, C. Synth. Commun.
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oxidative addition under the heating conditions em-
ployed. In common with both the normal Stille coupling®™@
and the thermal version of the fluorous Stille coupling,12?
we observed that coupling with the pyridyltin compound
1d resulted in an unsatisfactory mixture of products. But
this problem was circumvented by substitution of LiCl
for CuO,'” which delivered the coupled pyridyl compound
2m with high selectivity and in good isolated yield (Table
1, entry 15).

The thermal fluorous Stille coupling provided signifi-
cant amounts (5—10%) of symmetrical biaryl side
products.t®@> We were therefore surprised to find that
only a very minor amount of symmetrical biaryls were
formed in the microwave-promoted reactions with aryl
halides or aryl triflates (<3%, estimated by GC—MS). The
reactions with electron-rich aryl halides (Table 1, entries
1, 2, and 6) were exceptions to this generalization,
producing up to 10—15% of biphenyl as a side product.
A control experiment where tri-p-tolylphosphine and
palladium acetate were substituted for bis(triphenylphos-
phine)palladium(I1)chloride strongly suggested that the
biphenyl (in Table 1, entries 1, 2, and 6), to a large extent,
was not derived from homocoupling of the tin reactants.
Instead, the major formation of biphenyl, under micro-

(CGF13CH2CH2)3SH—© + |—©-0Me

1a

Pd(OAc),, P(p-Tol)
LiCl, 2.0 min, 60W

2% 10% 2a 81%

Homo-coupled
product from 1a

Cross-coupled
product from 1a
and ligand

Normal product

wave conditions (Table 1), presumably arises from cou-
pling between the tin reactant and the oxidative addition
complex PhPd(PArPh,)(PPh3)X formed after aryl migra-
tion from ArPd(PPh3),X.18

The high heating rate associated with microwave
irradiation has been postulated to be useful for control
of product formation.1¢1°® We presume that the higher
Stille product/homocoupled biaryl ratio® observed under
microwave irradiation originates from a predominance
of Stille coupling as compared to the competing homo-
coupling at high temperatures.

Macroscopic dielectric loss heating effects associated
with the solvent (DMF) are likely to be responsible for
the startling acceleration of reaction rates, and contribu-
tions from specific molecular absorption effects should
be less significant.%2! Since the reaction tubes are made

(18) For recent articles concerning exchange of metal- and phos-
phine-bound organic moieties in the oxidative addition complex see:
(a) Kong, K.-C.; Cheng, C.-H. J. Am. Chem. Soc. 1991, 113, 6313. (b)
Segelstein, B. E.; Butler, T. W.; Chenard, B. L. J. Org. Chem. 1995,
60, 12. (c) Morita, D. K.; Stille, J. K.; Norton, J. R. J. Am. Chem. Soc.
1995, 117, 8576 and references cited therein.

(19) Stuerga, D.; Gonon, K.; Lallemant, M. Tetrahedron 1993, 49,
6229.

(20) It has been reported that stannane homocoupling does not
proceed when careful precautions are taken to exclude atmospheric
oxygen. Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G. P. J. Org.
Chem. 1993, 58, 5434.
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Table 1. Fast Stille Couplings with Fluorous Tin Reactants under Microwave Irradiation2

entry tin reactant organic halide or time and micro- product isolated
organic triflate wave power” yield®
1 (CeF1aCHQCH2)33n—© I—@—OMe —20min OW ___ OMe 2a 77%
1a
5 1.5 min 70 W OMe 2a 76%
| W,
3 (CsFmCHZCHZ)aSrv—@ 1.5 min 70 W O 2b 96%
1a @
FaC, FaC
4 (csF130H20H2)3Sn—© |‘© 2.0 min 60 W 2¢ 47%
1a
5 (06F130H20H2)3Sn—© |—®—Br 2.0 min 60 W 2d 39%¢
ta
6 (CaFtHOHIs—( ) B )Mo 20 min 6OW ) )M 2 s
1a
0 ) o)
7 (CsF13CH20H2)3SD—© Br—@—( 2.0min 80W 2t 71%
1a Me Me
cl
O cl
Br 2.0 min 50 W
5 (CaFuCHCHIS—( ) .min Ty e
1a
0 ) )
9 (CGF13CH20H2)3SD—© Tfo—®—/( 2.0 min 60 W 2 92%
1a Me Me
10 Coonongsn— ) mo—{ ) 2.0 min 50 W 2 s%
1a
CHO CHO
1 (CGFWCHZCHz)QSn—QOMe Tfo~© 2.0.min 60 W MeO 2i 83%
1b
MeQ
- »,
12 (CSF130HZCH2)3SD—®—OMe OMe 2.0 min 50 W Q OMe 2j 49%
- s
NO, NO,
O . 0
. W
13 (CoFraCHCHaS—( ) n—@ 1.5 min 70 2k 87%
W L
o) Y . o o)
14 (CeF1acH20H2)3SN—@ Tfo@—/( 2.0 min 60 W § ) 21 63%
1c OMe OMe
N= =N
CeFy2CH.CH,).S 2.0 min 60 W o/ @
15 (CgF1aCHaCHa)a \ / Br CN W, CN 2m 79%
1d
I \
16 (CoFraCHaCHan—" __20min 6OW O 2n 54%
to @

a Reactions were conducted under continuous microwave irradiation (2450 MHz) in sealed Pyrex tubes under an atmosphere of nitrogen.
The organic halide or organic triflate (0.20 mmol, 1.0 equiv) was reacted with the tin reactants (1.2 equiv) in the presence of PACl(PPhs);
(0.02 equiv) and LiCl (3.0 equiv) in DMF (1.0 mL). After cooling, a small sample was partitioned between FC-84, dichloromethane, and
water, and the organic phase was analyzed by GC—MS. ? The microwave power and the irradiation time were selected to allow >95%
conversion in all cases. ¢ Based on the organic halide or organic triflate. >95% purity by GC—MS. 9 15% 4-bromobiphenyl was also isolated.

€ CuO (1.0 equiv) was added instead of LiCl.

of Pyrex, conductivity heat losses are small??> and the
irradiation energy, with very high energy density, is
absorbed by the reaction mixture directly, an effect that

(21) For recent investigations into nonthermal “microwave effects”,
see: (a) Jahngen, E. G. E.; Lentz, R. R.; Pesheck, P. S.; Sackett, P. H.
J. Org. Chem. 1990, 55, 3406. (b) Pollington, S. D.; Bond, G.; Moyes,
R. B.; Whan, D. A,; Candlin, J. P.; Jennings, J. R. J. Org. Chem. 1991,
56, 1313. (c) Laurent, R.; Laporterie, A.; Dubac, J.; Berlan, J.; Lefeuvre,
S.; Audhuy, M. J. Org. Chem. 1992, 57, 7099. (d) Mingos, D. M. P.
Res. Chem. Intermed. 1994, 20, 85. (e) Bagnell, L.; Cablewski, T.;
Strauss, C. R.; Trainor, R. W. J. Org. Chem. 1996, 61, 7355. See also
ref 2d.

within a short time leads to a “pressure cooker effect” in
the sealed tubes. Wall effects are largely eliminated, and
the whole of the reaction medium is heated simulta-
neously without local heating effects.'d?'¢ This methodol-
ogy provides a rapid and convenient way of synthesizing
compounds that are thermally stable but are the final
products of kinetically slow reactions.'*

(22) Pyrex is almost transparent to microwave energy and is a poor
conductor of heat. Stone-Elander, S. A.; Elander, N.; Thorell, J.-O,;
Solas, G.; Svennebrink, J. J. Labelled Cmpds. Radiopharm. 1994, 10,
949. See also ref 1f.
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Conclusions

The microwave variant of the fluorous Stille reaction
is an expedient procedure that couples the facile workup
and separation features associated with the fluorous
Stille reactants and the rapid reaction time associated
with microwave methods. An unexpected benefit of the
microwave method is the reduced amount homocoupled
byproduct that is formed in many reactions. Additional
work will be needed to ascertain if the application of
microwave radiation provides a mild and general method
to promote reactions between organic and fluorous reac-
tion components. But even at this early stage, it appears
as if the combination of these two techniques holds
significant potential for parallel synthesis applications
to make combinatorial libraries in the solution phase
because time and effort are minimized at both the
reaction and the separation stages.

Experimental Section

Procedures. Reactions were performed in a Microwell 10
single-mode microwave cavity? producing continuous irradia-
tion (2450 MHz) from Labwell AB, SE-753 19 Uppsala,
Sweden. The reactions were performed under nitrogen in
heavy-walled Pyrex tubes (8 mL, | = 150 mm) sealed with a
silicon septum. In the event of overpressurization, this septum
was distorted. Silicone septa (110.623-18) and screwcaps with
aperture (110.627-18) were purchased from KEBO Lab AB,
SE-163 94 Spanga, Sweden. The reaction volume occupied not
more than 1/5th of the total volume of the tube, thereby
allowing head space for pressure buildup during the microwave
treatment. To ensure a satisfactory antenna function of the
reaction liquid, the height of the liquid column was >2.5 cm.
All couplings were conducted in the absence of stirring. After
irradiation, small samples were removed and partitioned
between FC-84, dichloromethane, and water, and the dichlo-
romethane phase was analyzed by GC—MS. 'H NMR spectra
of the coupling products were measured at 270 MHz in CDCl;
solution. In the °Sn NMR spectra, chemical shifts are
relative to tetramethyltin. Mass spectra were determined at
70 eV (El). IR spectra were recorded on a FTIR spectrometer.
Column chromatography was performed on silica using Kie-
selgel S (0.032—0.063 mm, Riedel-de Haen). Elemental analy-
ses were carried out by Mikro Kemi AB, Uppsala, Sweden.

Materials. Organo halides, lithium chloride, copper(ll)
oxide, tri-p-tolylphosphine, DMF, and allylmagnesium bromide
(3 M in diethyl ether) were purchased from commercial
suppliers and were used directly as received. Bis(tri-
phenylphosphine)palladium(ll)chloride was obtained from
Acros and used without further purification. FC-84 was
obtained from 3M. The aryl triflates were synthesized from
the corresponding phenols using an excess of triflic anhydride
and 2,4,6-trimethylpyridine, essentially following a literature
procedure.?® 4-Acetylphenyl trifluoromethanesulfonate,?
3-formylphenyl trifluoromethanesulfonate,?> and methyl 4-[[(tri-
fluoromethyl)sulfonyl]oxy]benzoate?® are known compounds.
The vinyl triflates 1-cyclohexenyl trifluoromethanesulfonate?”
and 6-methoxy-3,4-dihydro-1-naphthyl trifluoromethane-
sulfonate?® were prepared according to the method described
by Stang.?® Tris[2-(perfluorohexyl)ethyl]phenyltin (1a), tris-

(23) Saa, J. M.; Dopico, M.; Martorell, G.; Garcia-Raso, A. J. Org.
Chem. 1990, 55, 991.

(24) Echavarren, A. M,; Stille, J. K. 3. Am. Chem. Soc. 1987, 109,
5478.

(25) Echavarren, A. M.; Stille, J. K. 3. Am. Chem. Soc. 1988, 110,
1557.

(26) (a) Hansen, R. L. U. S. Patent 3, 346, 612, 1967; Chem. Abstr.
1968, 68, P21698c. (b) Percec, V.; Bae, J.-Y.; Zhao, M.; Hill, D. H. J.
Org. Chem. 1995, 60, 176.

(27) Dueber, T. E.; Stang, P. J.; Pfeifer, W. D.; Summerville, R. H.;
Imhoff, M. A.; Schleyer, P. v. R.; Hummel, K.; Bocher, S.; Harding, C.
E.; Hanack, M. Angew. Chem. 1970, 82, 517.

(28) (a) Arcadi, A.; Cacchi, S.; Marinelli, F. Tetrahedron 1993, 49,
4955. (b) Pal, K. Synthesis 1995, 1485.
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[2-(perfluorohexyl)ethyl](4'-methoxyphenyl)tin (1b), tris[2-
(perfluorohexyl)ethyl](2'-furyl)tin (1c), and tris[2-(perfluoro-
hexyl)ethyl](2'-pyridyl)tin (1d) were prepared as described
previously.10abe  Structure and purity of isolated coupling
products were determined by *H NMR and GC—MS (>95%
purity). Products 2g,% 2i,3! 2j,%2 2k,% 21,34 2m,3% and 2n36:37
have been synthesized and fully characterized before. Com-
pounds 2a,b,d,e,f,h are commercially available, and the
structures were determined by comparison with an authentic
sample (2d,f,h) or by comparison of their spectroscopic data
with the reported values (2a,b,e).3"%® The biaryl 2c was
previously reported but not characterized.®®

Caution! The microwave-assisted reactions described
in this paper should not be repeated in closed vessels
unless an appropriate septum is used as a pressure relief
device since this could result in an explosion.#°

Tris(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctylallyl-
tin (Tris[2-(perfluorohexyl)ethyl]allyltin) (1e). Allylmag-
nesium bromide (1.0 mL, 1.0 mmol) 1 M in diethyl ether was
added to a solution of tris(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluo-
rooctyl)tin bromide (1.0 g, 0.80 mmol) in diethyl ether (10 mL).
The mixture was heated at reflux for 2 h with stirring. To
the reaction cooled at 0 °C were added a saturated solution of
amonium chloride (8 mL) and diethyl ether (5 mL). The two
phases were separated, and the aqueous phase was extracted
twice with diethyl ether (2 x 10 mL). The combined ether
extracts were dried over MgSQO,, evaporated, and purified by
column chromathography on neutral alumina (hexanes), yield-
ing le as a colorless oil (770 mg, 80%): MS m/z (relative
intensity, 70 eV) 1201 (M*, 12), 1161 (100), 855 (25); *H NMR
(CDCl3) 6 5.95 (m, 1H), 5.0—4.8 (m, 2H), 2.30 (m, 6H), 1.95 (d,
J = 9 Hz, 2J(***Sn—H) = 66 Hz, 2H), 1.20 (t, J = 8.3 Hz,
ZJ(llgsn—H) =59 Hz, 6H), 11950 NMR (CF3C6H5/C6D5) —9.76
ppm; IR (thin film) 2884, 2872, 1627, 1442, 1351, 1317, 1236,
1204, 1144, 1119, 1063, 843, 699 cm™1.

General Procedure for Coupling Reactions (Table 1).
In a screw-capped Pyrex tube were placed tris[2-(perfluoro-
hexyl)ethyl]organotin (0.24 mmol), organic halide or organic
triflate (0.20 mmol), bis(triphenylphosphine)palladium(ll) chlo-
ride (0.004 mmol, 2.8 mg), lithium chloride (0.60 mmol, 25.4
mg), and DMF (1.0 mL). The tube was capped, and the
suspension was purged with nitrogen. The contents of the tube
were mixed with a whirlimixer and thereafter rapidly heated
by the application of microwave power (see Table 1 for details
concerning reaction times and microwave power). The micro-
wave power was adjusted to give full conversion in less than
2.0 min. After the reaction mixture was cooled to room
temperature, toluene (2 mL) was added, and most of the DMF
was azeotropically evaporated under reduced pressure at 50—
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70 °C. The residue was then partitioned in a three-phase
extraction between water (10 mL, top), dichloromethane (20
mL, middle), and FC-84 (10 mL, bottom). The three layers
were separated, and the dichloromethane layer was washed
three additional times with water (3 x 10 mL) and FC-84 (3
x 10 mL) and evaporated under reduced pressure.** The
resulting crude product was purified by chromatography (silica
column)#? to afford pure coupling product (see Table 1, >95%
pure by GC—MS). No attempt was made to recover the
fluorous tin chloride from the FC-84 phase.1%ab

2-(Trifluoromethyl)biphenyl (2c):* pale red oil, 0.021 g
(47%); eluent isohexane: MS m/z (relative intensity, 70 eV)
222 (M*, 100), 201 (30), 183 (8), 152 (10); *H NMR (CDClg) 6
7.28—7.49 (m, 7H), 7.54 (br t, 3 = 7.6 Hz, 1H), 7.73 (brd, 3 =
7.6 Hz, 1H). Anal. Calcd for CisHoFs: C, 70.3; H, 4.1.
Found: C, 70.2; H, 4.3.

(41) In most cases small amounts of fluoroalkyl transfer products
were detected (GC—MS) in the dichloromethane layer after the FC-
84/water wash.

(42) Eluents; 2a isohexane/diethyl ether (9/1), 2b isohexane/ethyl
acetate (19/1), 2d isohexane, 2e isohexane, 2f pentane/ethyl acetate
(9/1), 2g isohexane/diethyl ether (99/1), 2h isohexane, 2i isohexane/
ethyl acetate (7/1), 2j isohexane/ethyl acetate (99/1), 2k isohexane/
ethyl acetate (19/1), 2l isohexane/ethyl acetate (7/1), 2m isohexane/
ethyl acetate (2/1), 2n isohexane.
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Procedure for the Control Experiment. A mixture of
tris[2-(perfluorohexyl)ethyl]phenyltin (1a) (0.24 mmol, 297
mg), 4-iodoanisole (0.20 mmol, 46.8 mg), palladium(l1) acetate
(0.004 mmol, 0.90 mg), tri-p-tolylphosphine (0.008 mmol, 2.4
mg), lithium chloride (0.60 mmol, 25.4 mg), and DMF (1.0 mL)
was treated with microwaves (2.0 min, 60 W) under nitrogen.
The reaction was repeated twice (to increase the amount of
products). All three reaction mixtures were then cooled,
combined, and purified by three-phase extraction and column
chromatography (silica, isohexane) to afford 81% (89.8 mg) of
4-methoxybiphenyl (based on 4-iodoanisole, expected product,
2a), 10% (10.4 mg) of 4-methylbiphenyl®’8 (based on 4-io-
doanisole, from aryl interchange in the oxidative addition
complex), and 2% (2.5 mg) biphenyl3"38 (based on la, from
stannane homocoupling). This product distribution is in
accordance with yields estimated by GC—MS.
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