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trations a second by-product (<5%) could be observed, which is most
likely attributable to a square. The solvent was removed under a stream of
N,, and the resulting white precipitate was dried in vacuo (yield 93%).
'HNMR (CD;NO,, 300 MHz): 6 = 9.41 (5,2 H; H,,,), 1.79 (d, Jpyy = 11.4 Hz,
9H; P-CH,); *P{!H} NMR (CD;NO,, 121 MHz): 6=-25.6 (s, 1Pt
satellites, Jpp=3269 Hz); Y“F NMR (CD;NO,, 282 MHz): d=—78.1;
BC{IH} NMR (CD;NO,, 75 MHz): d=151.8 (5, Cpy), 122.2 (q, Jey=
319 Hz, OTY), 14.7 (m,P-CH).
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Microencapsulated Palladium Catalysts: Allylic
Substitution and Suzuki Coupling Using a
Recoverable and Reusable Polymer-Supported
Palladium Catalyst**

Ryo Akiyama and Shu Kobayashi*

While palladium catalysts find wide-spread utility in a
variety of transformations in organic synthesis,!! they are
expensive, air-sensitive, and cannot be recovered in many
cases. Immobilized palladium catalysts have been expected to
solve these problems, and several polymer-supported palla-
dium catalysts have been developed for allylic substitu-
tion,2 %<l oligomerization, >3 4 decarboxylation,? hydro-
genation,* % isomerization,”! telomerization,l®! Suzuki cou-
pling,[” %4 and the Mizoroki—Heck reaction,*> 8 %% etc. In
most of these cases, however, recovery and reuse of the
polymer catalysts have not been satisfactory.’) Recently, we
developed novel polymer-supported catalysts, microencapsu-
lated scandium trifluoromethanesulfonate (MCSc(OTf);)!
and osmium tetroxide (MCOsO,).'"l Our work has demon-
strated a new method for immobilizing catalysts onto
polymers based on physical envelopment by the polymers
and on electronic interaction between the m electrons of the
benzene rings of the polystyrene-based polymers and vacant
orbitals of the catalysts. We now apply this new technology to
immobilizing palladium catalysts. Herein, we describe the use
of microencapsulated triphenylphosphane palladium for al-
lylic substitution and Suzuki coupling. In both cases, the
catalysts were recovered quantitatively and reused. More-
over, valuable information on the structure of microencapsu-
lated catalysts was obtained.

Preparation of microencapsulated triphenylphosphane pal-
ladium was as follows:['" polystyrene (1.0 g, M,, ca. 280000)
was dissolved in cyclohexane (20 mL) at 40°C, and to this
solution was added tetrakis(triphenylphosphane)palladium(o)
([Pd(PPhs),] 0.20g) as a core ([Pd(PPh;),] was dissolved).
The mixture was stirred for 1h at this temperature (and
changed from brown to black), then slowly cooled to 0°C.
Coacervates (phase separation) were found to envelop the
core dispersed in the medium, and hexane (30 mL) was added
to harden the capsule walls. The mixture was left to stand at
room temperature for 12 h, and the catalyst capsules were
then washed with acetonitrile several times and dried at room
temperature for 24 h. Three equivalents of triphenylphos-
phane (PPh;) were recovered from the washings and one e-
quivalent of PPh; remained in the catalyst capsules. We
measured 3P swollen-resin magic angle spinning (SR-MAS)
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NMR spectral’® of the catalyst capsules, and only one
resonance signal arising from PPh; coordinating to the
palladium was observed.') From these results, we assumed
that the catalyst was encapsulated as [Pd(PPh;)].

The microencapsulated [Pd(PPh;)] (MC[Pd(PPh;]) thus
prepared was used in the allylation reaction of allyl methyl
carbonate (1) with dimethyl phenylmalonate (2). When 1 was
combined with 2 in the presence of 20 mol % MC[Pd(PPh;)],
the reaction did not proceed at all. However, it was found that
the reaction proceeded smoothly after adding PPh; (external
ligand). We examined the effect of different amounts of PPh,
(Table 1). The best results were obtained when 20 mol % of
PPh; was used.['”] Of note is that the palladium catalyst was
recovered quantitatively and reused, and that the high activity
of the catalyst was maintained even after the fifth use.

Table 1. Effect of the amount of triphenylphosphane.
MC [Pd(PPhs)]

CO-Me Ph, Ph,_ CO.Me
_~_OC0Me + ph—( ~
CO,Me CHZCN, RT, 12h CO,Me
1 2
MC[Pd(PPh;)] PPh; Yield [%] (Recovery [%])
[mol %] [mol %] 1st 2nd 3rd
5 0 0 - -
5 5 97 (quant) 75 (quant) 57 (quant)
20 0 0 - -
20 10 94 (quant) 61 (99) 30 (99)
20 20 83 (quant) 90 (quant) 84 (quant)i
20 40 92 (quant) 81 (99) 77 (quant)
20 60 69 (95) 58 (98) 65 (99)

[a] 4th run: 94 (quant), 5th run: 83 (quant).

Several examples of the MC[Pd(PPh;)]-catalyzed allyla-
tion reactions of C-nucleophiles with allylic carbonates are
summarized in Table 2. Malonates and $-ketoesters smoothly

Table 2. Allylic substitution using MC[Pd(PPh;)].l?)

Entry Allylic carbonate Nucleophile Product Yield
[%]
Ph. CO,Me
1 1 2 X 83
CO,Me
(@] [0}
Q EtO,C,
2 1 2 86
EtC Z
0 0 CO,Et
3 1 OFt /\><ﬂ/ 60
(o]
Ph, CO-Me
4 /k/OCOzEt 2 )\)( 69
3 CO,Me
Ph.__~._-OCO:Me Ph, CO-Me
5 7 Ph 9200)
4 \/\Xcone
COEt
o 0
6 4 Ph 790l

)J\/U\OEt

4

Ph. COMe

_~_-OCO:Me ALY
7 J/\/ 2 64101
5 ACO™ R0, Me

AcO

[a] All reactions were carried out using MC [Pd(PPh;)] (20 mol %) and PPh;
(20mol %) in CH;CN at room temperature for 12h. [b] E/Z=>99/<1.

[c] E/Z = 64/36.
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reacted under these conditions to afford the corresponding
allylation products in high yields. While the reaction of ethyl
acetoacetate with (E)-cinnamyl methyl carbonate (4) gave a
mixture of E/Z stereoisomers (E/Z =64/36), only E isomers
were obtained in the reactions of 2 with 4 or Z carbonate 5.
The recovery was quantitative in all cases and the recovered
catalyst could be reused.

MC[Pd(PPh;)] was successfully used in other reactions.
Allyl acetate reacted with dimethyl phenylmalonate in the
presence of MC[Pd(PPh;)], PPh;, N,O-bis(trimethylsilyl)-
acetamide (BSA), and a catalytic amount of potassium
acetate (KOAc), to afford the corresponding product in
90% yield (Scheme 1). In addition, Suzuki coupling reac-

MC [Pd(PPhg)] (20 mol %) Ph_ CO.Me
/\/OAC + 2 /\X
CO,Me
(1.0 equiv) (3.0 equiv) 90% Yield

Scheme 1. Allylic substitution of allyl acetate with 2. Reaction carried out
using MC[Pd(PPh;)] (20 mol %), PPh; (20 mol %), BSA (3.0 equiv), and
KOACc (0.10 equiv) in CH;CN under reflux for 12 h.

tions!'! of boronic acids with aryl bromides were found to
proceed smoothly in the presence of MC[Pd(PPh;)] to afford
the corresponding products in high yields. 2-Bromothiophene
also worked well. In these reactions, the best results were
obtained by using tri-o-tolylphosphane (P(o-Tol);) as an
external ligand (Scheme 2). Finally, a catalytic asymmetric
allylation reaction was carried out using MC [Pd(PPh;)] and a
chiral ligand (Scheme 3). The reaction of 1,3-diphenyl-2-

QB(OH)Z + Br—@-Me ———Ph Me
89%

Me, Me,
B(OH), + Br-@ S Ph
83%
Me Me

@—B(OH)2 + Br—(/sj - ph@

76%
Scheme 2. Suzuki coupling. All reactions were carried out using
MC[Pd(PPh;)] (20 mol%) and P(o-Tol); (20 mol%) in CH;CN under
reflux for 6 h.

e
</|N PPh,

iPr
OCO,Et CO,Me MeO,C.__CO,Me
+ H

MC[Pd(PPh 2
PAPPRI] A App,

87% (83% ee)

Ph"""Ph CO,Me

Scheme 3. Asymmetric allylic substitution. Reaction carried out using
MC[Pd(PPh;)] (20 mol %), chiral ligand (20 mol % ), BSA (3.0 equiv), and
KOACc (0.10 equiv) in CH;CN under reflux for 12 h.

propen-1-yl ethyl carbonate (1.0 equiv) with dimethyl malo-
nate (3.0 equiv) was performed in the presence of
MC[Pd(PPh;)] (20 mol %), 2-(o-diphenylphosphanophenyl)-
(4R)-isopropyloxazoline (20 mol % ),['"? BSA (3.0 equiv), and
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KOAc (0.10 equiv) under reflux conditions in acetonitrile.
The allylation adduct was obtained in 87 % yield with 83 % ee.

For the structure of the microencapsulated species, we
assume an 18-electron Pd’ center that is coordinated by PPh;
and the benzene ring(s) of polystyrene. After adding an
external ligand, 14- or 16-electron Pd® would be formed and
the catalytic reaction proceeds.'! The coordination of the
external ligand to Pd® was confirmed by *'P SR-MAS NMR
analysis which revealed that the recovered catalyst in Suzuki
coupling reactions contained P(o-Tol);.["]

In summary, we have immobilized triphenylphosphane
palladium onto a polymer using a microencapsulating techni-
que. The polymer-supported catalyst (MC[Pd(PPh;)]) has
been successfully used in several palladium-catalyzed reac-
tions. In all cases, the reactions proceeded in high yields, and
the catalyst was recovered simply by filtration and reused. It
should be noted that the air-sensitivity of the palladium
complex is substantially suppressed by this immobilization.
Moreover, NMR spectroscopic analyses have provided val-
uable information on the structure of the MC catalysts.

Experimental Section

A typical experimental procedure for the allylation reaction of 1 with 2: 1
(0.55 mmol), 2 (0.5mmol), PPh; (0.1 mmol), and MC[Pd(PPh;)]
(0.1 mmol, 20 mol %) were combined in acetonitrile (5 mL). The mixture
was stirred for 12 h at room temperature. After ethanol was added to
quench the reaction, the catalyst was collected by filtration and washed
with ethanol and acetonitrile, and then dried. The solvents of the filtrate
were removed under reduced pressure, and the crude product was purified
by preparative thin-layer chromatography (TLC) to afford the desired
adduct (83%). The recovered MC[Pd(PPh;)] was reused several times
without loss of activity.
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