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nanoparticles

The efficient formation of carbon-carbon bonds is among
the most crucial transformations in synthetic chemistry. The
palladium-catalyzed aryl-aryl cross-coupling (e.g., Suzuki,
Negishi, Kumada, Hiyama, and Stille coupling)' reaction is
one such route to form C-C bonds. Among the different
coupling reactions, the potentially most attractive method is
Stille cross-coupling® of aryl halides with organostannane
reagents because the ready availability of organostannane
reagents, their air- and moisture-stability and has found wide
application in natural product synthesis, carbohydrate
chemistry, and biological research.* The formed biaryl
moiety is also an important structural motif in great number
of biologically active compounds and functional molecules.’

Generally, phosphine ligands are used to complex and
activate the palladium species, and excellent results have
been reported for the palladium-catalyzed Stille cross-coupl-
ing reaction.” However, phosphine ligands are undesirable
because of their toxicity and air as well as moisture sensitive
with conversion to, for example, phosphine oxide species.
However, few phosphine free N-based ligands, have been
used in the Stille cross-coupling reaction.® Although these
methods are encouraging, there is a considerable scope for
improvement as the non-reusability of the precious palla-
dium precludes wide synthetic applications in the industry.
In view of the above, it is desirable to develop a ligand-free
and reusable catalytic system for the Stille cross-coupling
with wide substrate scope.

Heterogeneous catalysis is particularly attractive as it
allows the production and ready separation of large quan-
tities of products with the use of a small amount of catalyst.
Magnetic nanoparticles are a class of nanostructured materials
of current interest, due largely to their advanced techno-
logical and medical applications, envisioned or realized.’
Among the various magnetic nanoparticles under investi-
gation, Fe;O, nanoparticles are arguably the most exten-
sively studied® and emerged as promising supports for
immobilization metal nanoparticles. The potential advantage
of Fe;O4-supported metal catalysts is it can be separated
from the reaction medium by an external permanent magnet
without using any filtration or centrifugation. Recently
Palladium nanoparticles supported on Fe;O, have been the
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subject of interest of several groups and widely used in a
variety of organic reactions.’

In the present work, we report our investigations on the
application of FesOs supported Pd(0) nanoparticles (Pd/
Fe;0,) for the Stille cross-coupling of aryl halides under
ligand free conditions (Scheme 1).

Results and Discussion

Pd/Fe;04 was prepared according to literature®® and the
amount of palladium in the catalyst was determined with an
inductively coupled plasma, atomic emission spectroscopy
(ICPAES) instrument and Palladium content was measured
as 0.14 mmolg™". The TEM images of both the fresh and
used catalyst, it is seen that the average size of Fe;O4 nano-
particles is in the range of 20-25 nm in diameter and
palladium nanoparticles of about 2-3 nm and are dispersed
on Fe;O4nanoparticles (Fig. 1). Furthermore, the TEM image
(Fig. 1(b)) clearly confirms no change in the morphology
even after five cycles.

In an endeavor to identify the best catalytic system for the
Stille cross-coupling various bases in combination with
different solvents were investigated using 4-bromoanisole as
aryl halide and tributylphenylstannane as the organostannane.
Among the different bases (K,CO3, KsPO4, NaOAc, NaOH,

Figure 1. TEM images of Pd/Fe;O4 nanoparticles (a)-fresh catalyst
and (b) catalyst after five cycles.
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KF, CsF) and solvents (toluene, dioxane, water, DMF)
screened, CsF and dioxane proved to be efficient for the Pd/
Fes;04 catalyzed stille coupling and the scope and generality
of the reaction established with different aryl halides and
tributylarylstannanes to obtain the corresponding biaryls as
shown in Table 1.

When we used a variety of neutral, electron-rich, and
electron-poor bromoarenes and tributylphenylstannanes to
investigate the synthetic scope of the reaction, the corre-
sponding biaryls were isolated in good to excellent yields.
Unsubstituted as well as 4-methyl, 4-methoxy, 3-methoxy
substituted bromobenzenes underwent smooth reaction with
good yields when compared to 2-methyl and 2-methoxy
bromobenzenes (Table 1, entries 1-7). Furthermore, the
reaction was extended to other aryl halides such as 4-fluoro,
4-chloro and 4-acetyl bromobenzenes to generate biaryl
products in good to excellent yields (Table 1, entries 8-10).
We next turned our attention to Stille cross-coupling of
substituted aryl tributylstannanes and irrespective of the
electronic nature of the substituent all of them underwent the
reaction smoothly to give the corresponding products in
good yields except tributyl(o-tolyl)stannane (Table 1, entries
11-15).

Given the remarkably high levels of catalytic activity
displayed with Pd/Fe;Os, we investigated its use for the
preparation of hindered biaryls. In this study we used 2-
bromo-3,4,5-trimethoxy benzaldehyde as a aryl halide, as
the resulting products were useful for the preparation of
number of bioactive compounds such as allocolchicines,
Stegnacine and eupomatilones'® and the results are summari-

Table 1. Pd/Fe;O4 catalyzed Stille cross-coupling of different
bromoarenes with different tributylarylstannanes”

=
Bu;3Sn R
R—©/Br ! 3 \©_R2 1.5 mol % Pd/Fes0q Riy A I 2
T = CsF (3 equiv) | P

dioxane, 100 °C

Entry R R> Time (h)  Yield (%)
1 H H 16 86
2 4-OCH3 H 20 81
3 3-OCH; H 20 83
4 2-OCH3s H 24 72
5 3,4-OCH,O H 18 85
6 4-CH; H 18 80
7 2-CHj3 H 24 70
8 4-Cl H 16 85
9 4-F H 16 83
10 4-COCH3 H 14 91
11 4-CHj; 4-CH3; 18 82
12 4-CH; 4-OCH3 18 80
13 4-CHj; 2-CHj3 18 74
14 4-CH; 2-OCH3 18 68
15 4-CH; 3,4-OCH,0O 18 80

Notes

Teble 2. Pd/Fe;0;4 catalyzed Stille cross-coupling of 2-bromo-3,4,5-
trimethoxybenzaldehyde with different tributylarylstannanes®

o}
o]
Hscoji;\)LH BugSn \O_R 2 mol % Pd/Fe;0, 0 H
¥ Z T CsF (3equiv) | HiCO N
e oc:HsBr dioxane, 80 °C OCH3 I —
Entry R Time Yield (%)
1 H 24 85
2 4-OCHj3; 24 91
3 4-COOCH;3 24 78
4 4-COCH3 24 81

“Reaction conditions: 2-bromo-3,4,5-trimethoxybenzaldehyde (1 mmol),
tributylarylstannane (1.2 mmol), Pd/Fe;O4 (1.5 mol % of Pd), CsF (3
equiv), dioxane (3 mL) stirred at 80 °C.

zed in Table 2. 2-Bromo-3,4,5-trimethoxy benzaldehyde
underwent the cross-coupling reaction with different aryl
tributylstannanes smoothly and gave the desired product in
good yield (Table 2, entries 1-4).

Encouraged by these results, we next investigated the
scope of the reaction with respect to the tributyl(vinyl)-
stannane substrate and various aryl bromides, including the
deactivated bromoarenes as shown in Table 3. Various aryl
bromides, including the 5-bromo-1,2,3-trimethoxybenzene,
were readily converted to the corresponding coupled
products in moderate to good yields (Table 3, entries 1-5).

To check the reusability of the catalyst, as can be seen
from Table 3, the reaction was performed with 4-bromo-
anisole and tributylphenylstannane under the optimized

Table 3. Pd/Fe;0; catalyzed Stille cross-coupling of different
bromoarenes with tributyl(vinyl)stannane”
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Br
{ X N\ XX
R_©/ +ONSBU T ) R
dioxane, 100 °C
Entry Aryl halide Product Time  Yield (%)
B
1 O ' ©/\ 24 81
Br
O O
Br N
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H,CO H,CO
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Br
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k

“Reaction conditions: aryl bromide (I mmol), tributylarylstannane (1.2
mmol), Pd/Fe;04 (1.5 mol % of Pd), CsF (3 equiv), dioxane (3 mL)
stirred at 100 °C.

“Reaction conditions: Aryl bromide (1 mmol), tributyl(vinyl)stannane
(1.2 mmol), Pd/Fe;04 (1.5 mol % of Pd), CsF (3 equiv), dioxane (3 mL)
stirred at 100 °C.



Notes

Table 4. Recovery and reuse of Pd/FesO4 catalyst for the Stille
cross-coupling of 4-bromoanisole with tributylphenylstannanes

Yield (%) Average yield
First Second Third Fourth  Fifth (%)
81 76 75 76 73 76

“Reaction conditions: 4-bromoanisole (1 mmol), tributylphenylstannane
(1.2 mmol), Pd/Fe;04 (1.5 mol % of Pd), CsF (3 equiv), dioxane (3 mL)
stirred at 100 °C.

reaction conditions. The catalyst was separated from the
reaction mixture by applying external magnetic field and
reused for five times without significant loss of catalytic
activity.

Conclusions

In conclusion, we have developed a simple and efficient
method for the Stille cross-coupling of bromoarenes with
different organostannane reagents using magnetically re-
coverable Pd/Fe;O4 under ligand free conditions. The cata-
lyst is completely magnetically recoverable because of the
superparamagnetic behaviour of Fe;O,4 and the efficiency of
the catalyst remains unaltered even after 5 cycles. The
operational simplicity and the mild reaction conditions add
to the value of this method as a practical alternative to the
Stille cross-coupling.

Experimental

Preparation of the Pd/Fe;O4 Catalyst. 1 g of dopamine-
functionalized Fe;O4 nanoparticles®® were dispersed in water
and NaPdCly solution in water was added to the mixture to
get 10 wt % of Pd. Diluted solution of hydrazine mono-
hydrate was added drop wise to adjust the pH to 9. The
reaction mixture was stirred overnight at room temperature
and then allowed to settle. The product Pd/Fe;O; was
washed several times with water, centrifuged and dried at
room temperature.

Typical Experimental Procedure. Aryl bromide (1
mmol), Organostannane (1.2 mmol), CsF (3 mmol), Pd/
Fe;0;4 catalyst (1.5 mol % of Pd) and dioxane (3 mL) was
taken in a round-bottomed flask and stirred at 100 °C for
appropriate time. After completion of the reaction (monitor-
ed by TLC) the catalyst was easily separated from the
reaction mixture with an external magnet. After removing
the solvent, the crude material was chromatographed on
silica gel using hexane-ethyl acetate mixture as eluent to
afford the pure product. The spectroscopic data of all known
compounds were identical to those reported in the literature.

Reuse of Catalyst. After completion of the reaction the
catalyst was recovered by filtration and washed several
times with ethyl acetate and then ether and dried for further
reuse. The catalyst showed consistent activity for five
cycles.

Spectroscopic data for the selected compounds:

5-Phenylbenzo|d][1,3]dioxole (Table 1, entry 5): 'H
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NMR (300 MHz, CDCls) & 5.98 (s, 2H), 6.84 (d, 1H, J=7.1
Hz), 7.09-7.13 (m, 2H), 7.26 (t, 1H, J= 7.9 Hz), 7.36 (t, 2H,
J =12 Hz), 7.46 (d, 2H, J = 7.9 Hz). >C NMR (75 MHz,
CDCly) 6 21.1, 101.2, 107.5, 108.6, 120.3, 126.7, 129.4,
135.4,136.5,137.9, 146.9, 148.1. EIMS (m/z): 198 (M").

4'-Methoxy-4-methyl-biphenyl (Table 1, entry 12): 'H
NMR (300 MHz, CDCls3) & 2.38 (s, 3H), 3.82 (s, 3H), 6.90
(d,2H,J=9.0Hz), 7.16 (d, 2H, /J=8.3 Hz), 7.38 (d, 2H, J =
8.3 Hz), 7.44 (d, 2H, J=9.0 Hz). *C NMR (75 MHz, CDCl;)
521.0, 55.3, 114.1, 126.5, 127.9, 129.4, 133.7, 136.3, 137.9,
158.8. EI MS (m/z): 198 (M").

4,4',5,6-Tetramethoxybiphenyl-2-carbaldehyde (Table
2, entry 2): "HNMR (300 MHz, CDCl;) 6 3.53 (s, 3H), 3.85
(s, 3H), 3.94 (s, 3H), 3.96 (s, 3H), 6.94 (d, 2H, J = 8.3 Hz),
7.23 (d, 2H, J=8.7 Hz), 7.31 (s, 1H), 9.62 (s, 1H). °C NMR
(75 MHz, CDCl;) & 55.2, 55.9, 60.8, 61.0, 105.1, 113.4,
124.5, 129.6, 132.3, 134.2, 151.2, 152.8, 159.3, 191.4. ESI
MS (m/z): 303 (M + H).

1,2,3-Trimethoxy-5-vinylbenzene (Table 3, entry 4): 'H
NMR (300 MHz, CDCl3) & 3.85 (s, 3H), 3.86 (s, 3H), 3.88
(s, 3H), 5.13 (dd, 1H, J=10.9 Hz, 0.8 Hz), 5.62 (dd, 1H, J=
17.6 Hz, 0.8 Hz), 6.67 (s, 2H), 6.69 (dd, 1H, J = 17.6 Hz,
10.9 Hz). *C NMR (75 MHz, CDCls) § 56.1, 60.7, 60.8,
104.5, 113.6, 133.4, 136.5, 138.1, 153.3. EI MS (m/z): 194
(M").
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