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Abstract

The reaction of allylic carbonates with various acyclic and cyclic carbonucleophiles is catalyzed by the system Pd(OAc),
and P(CgH4-m-SOsNa); (or tppts) in a two-phase liquid medium H,O-nitrile, the activity of the catalyst depending mainly on
the nature of the nitrile, the temperature of the reaction and the ratio palladium/tppts. The same system Pd(OAc), and P(CcHy-
m-SO3zNa); supported on silica catalyzes also this reaction. The formation of the active palladium species in the two cases is

followed by 'P NMR spectroscopy and discussed. Published by Elsevier Science B.V.
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1. Introduction

There is a growing interest in metal catalyzed
organic reactions in organic synthesis. Particularly
palladium promoted organic reactions are now
powerful tools in organic methodology, providing
mild and selective routes to a great variety of valu-
able chemicals from basic organic precursors [1-7].
However one of the major problems in such
homogeneous catalysis is the recovery of the
molecular organometallic complexes, which is now
necessary for economical, ecological and/or toxical
reasons.
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One of the most widely used palladium
catalyzed transformation in organic chemistry is
probably the alkylation of allylic substrates by
carbo- and heteronucleophiles, the so-called ‘Tsuji—
Trost reaction’, which occurs under very mild
conditions with high regio- and stereoselectivity
[8-10]. A possible solution to the recycling of the
palladium catalyst is the use of a aqueous-organic
two-phase system, the catalyst being ‘immobilized’
in the aqueous phase. Another elegant approach is
the immobilization of the complex-containing aqu-
eous phase on the surface of an hydrophilic inorganic
oxide, the so-called ‘Supported aqueous phase cata-
lysis’ or SAPC [11]. We used these two methodologies
for the palladium-allylation of various carbonucleo-
philes.
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2. Results and discussion

2.1. Biphasic catalysis

We recently described the two-phase palladium-
catalyzed allylic nucleophilic substitution reaction
[12-16]. The optimization of the experimental con-
ditions was performed using the alkylation of ethyl
acetoacetate 2 by (E)-cinnamyl ethyl carbonate 1a to
give compound 3 as the test-reaction (Scheme 1), in
the presence of Pd(OAc), associated with the triso-
dium salt of the tri-(m-sulfophenyl)phosphine
P(C¢Hy4-m-SO3Na); (or tppts). The organic co-sol-
vents of choice for this reaction are nitriles such as
acetonitrile, butyronitrile or benzonitrile. Pd(OAc),
and Pd,(dba); are suitable precursors of palladium(0),
although the former is preferred due to its good
solubility in water. The highest activity is obtained

A. Choplin et al./Catalysis Today 42 (1998) 471-478

using the ratio [Pd]/[tppts]~=1/5 and performing the
reaction at 50°C. As expected, recycling of the catalyst
is possible under these conditions by simple decanta-
tion and reuse of the aqueous solution, except when
acetonitrile was used as the organic solvent; in this
case, extraction of the product(s) with an organic
solvent such as ethyl acetate was necessary before
recycling of the aqueous phase containing the catalyst.

We also studied the reaction of ethyl acetoacetate 2
with (E)-methyl 2-hexenyl carbonate 4 in the presence
of the catalyst Pd(OAc),/tppts in order to have a
deeper insight into the regio- and stereoselectivity
of the reaction (Scheme 2). Some selected results
summarized in Table 1 show that the regioselectivity
of the reaction was not affected by the ratio Pd(OAc),/
tppts, the temperature of the reaction or the nature of
the nitrile. We always observed the formation of the
allylated products ethyl 2-acetyl-4-octenoate 5 and

Ph” X" N0C0,C,Hs + ( —_— Y
CO,C,H;5 CO,C,Hs
la 2 3
Solvent (50 °C) Isolated yields (%)
CH;CN 1st cycle 80
2nd cycle 87
C3H,CN 1st cycle 95
2nd cycle 95
C¢HsCN Ist cycle 94
2nd cycle 93
3rd cycle 90
Scheme 1.
~ COCHs g q
Gty (EIZ8713)
CO,C,Hs
N COCH; 5
CsHy” X"N0C0,00Hs + —_— X
CO,C,Hs
CH;3CO__CO,C,H;5
4 2 3 I/z 2 10 %
CsHy Z
6

Scheme 2.
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Table 1

Reaction of ethyl acetoacetate 2 with methyl 2-hexenyl carbonate 4 in the presence of Pd(OAc),/tppts”

Solvent (1/1) Pd(OAc),/tppts T (°O) Conv. (%) 5 (%) 6 (%)
CH;CN/H,0 1/4 50 0

CH;CN/H,0 1/6 50 55 89 11
CH;CN/H,0O 1/7.5 50 67 90 10
CH;CN/H,0O 1/9 50 99 89 11
CH;CN/H,0 1/12 50 99 90 10
CH;CN/H,0O 1/9 25 24 90 10
CH;CN/H,O 1/9 75 99 90 10
C;H,CN/H,0 1/9 25 9 91 9
C;H,CN/H,O 1/9 50 47 90 10
C;H,CN/H,0 1/9 75 98 90 10
C¢HsCN/H,O 1/9 25 6 91 9
CeHsCN/H,O 1/9 50 60 90 10
CcHsCN/H,O 1/9 75 90 90 10

aConditions: [4)/[2]/[Pd(OAc),]=25:35:1; [4]=0.5 mol 1"}, 24 h.

ethyl 2-acetyl-3-propyl-4-pentenoate 6 in a ratio
90:10, the linear compound 5 being a mixture of
E/Z isomers in a ratio 87:13. However, the catalytic
activity (and so the conversion) was deeply affected by
some of these parameters. In a mixture of water
acetonitrile as the two-phase system at 50°C, the
highest activity was observed in this case for a ratio
[tppts]/[Pd(OAc),] of 9. Using these conditions, we
noticed that the conversion at 50°C was also depen-
dent on the nature of the nitrile, the highest conversion
being observed using acetonitrile. This could be
related to the partial solubility of this nitrile in water.
Effectively, benzonitrile—water and butyronitrile—
water are true two-phase systems at 50°C; the transfer
of the reactants from the organic phase to the aqueous
phase for their transformation in the presence of the
water-soluble palladium catalyst is thus probably the
limiting step. Conversely, acetonitrile-water is not a
true two-phase system at 50°C. This is confirmed by
performing the reaction at various temperatures; if low
conversion was obtained at 25°C even using water—
acetonitrile, a complete conversion of the carbonate
was observed by performing the reaction at 75°C even
using butyronitrile or benzonitrile as the organic co-
solvent; this could be correlated to a greater misci-
bility of the nitrile in water at this temperature.
Similar results were obtained using the branched 2-
(vinyl)butyl ethyl carbonate as the m-allyl precursor.
Ethyl acetoacetate (pK,=10.25) and acetylacetone
(pK,=8.94) reacted with carbonate 4 under the same
conditions (CH3CN/H,O I/1, [palladium]/[tppts] 1/6,

50°C), but no reaction was observed with dimethyl-
malonate (pK,=13.3); however addition of one
equivalent of a base such as DBU (1,8-diazabicy-
clo[5,4,0]Junde-7-ene) in this case gave the monoalkyl-
ated products (n:iso=67:13) with the formation of ca.
20% of the alcohol arising from the hydrolysis of the
carbonate. The lack of reactivity of dimethyl malonate
in the absence of a base compared to ethyl acetoace-
tate or acetylacetone may be correlated to its higher
pK.; the presence of water is unfavourable to the
formation of the enolate and the presence of a very
strong base such as DBU is needed.

We also used in this reaction various cyclic carbo-
nucleophiles having low pK, (Scheme 3). The C-
alkylation of some of these compounds is sometimes
difficult due to strong competitive O-alkylation reac-
tion. We expected that the presence of water, known to
inhibit the alkylation of m-allyl systems by nucleo-
philes such as alcohols would favor the C-alkylation
reactions. Tetronic acid 7a (pK,=3.76), dimedone 7b
(pK,=5.2), barbituric acid 7¢ (pK,=4.1) and 1,3-
dimethyl barbituric acid 7d (pK,=4.4) reacted with
cinnamyl ethyl carbonate 1a, or with cinnamyl acetate
1b in the presence of DBU, in a mixture nitrile/H,O /1,
at 50°C and with a ratio [palladium]/[tppts] 1/6, to give
only the dialkylated products 8 in moderate to good
chemical yields (Scheme 3).

Given the efficiency of our catalytic precursor
system Pd(OAc),/tppts in water—nitrile medium, we
investigated further the nature of the palladium species
present in water, using *'P NMR spectroscopy.
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COR RCO. 4/ ~Ph
Ph/\/\OX + < —_— ><i
COR RCO \— Ph
1 7 8
X R,R Isolated yields %
CH;CN C3H,CN
b COCH; a -CH,0- 34 32
b COCH; b  -CH,CMe,CH,- 30 40
a CO,CHj; c -NHCONH- 70 69
a CO,CH; d -NMeCONMe- 62 59
Scheme 3.

Amatore et al. [17,18] have previously concluded
from cyclic voltametry and 3'P NMR spectroscopy
studies that the reduction of Pd(OAc), to Pd(0) in the
presence of PPh; occurred in a two step process,
involving the fast formation of Pd(OAc),(PPhj),,
followed by the intramolecular reduction of Pd(II)
to Pd(0) stabilized by phosphine ligands, with the
concomitant formation of phosphine oxide. The same
mechanism was proposed when the phosphine was
tppts [19-21].

When a solution of Pd(OAc), and 5 tppts was
dissolved in D,O at 25°C, we observed immediately
three signals (Fig. 1): a sharp signal at 6=34.6 ppm
characteristic of tppts oxide, a broad signal centered at
0=29.5 ppm characteristic of Pd(OAc),(tppts), and a
broad weak signal centered at 6=—2.0 ppm, but no
peak corresponding to free tppts at 5=—5.6 ppm. With
time, we observed the decrease of the intensity of the
signal at 6=29.5 ppm and an increase of the signals at
0=34.6 and 6=—2.0 ppm, with concomitant shift of
the latter peak to lower field. After 48 h, this peak
appeared at $=18.6 ppm, the signal at 6=29.5 ppm
disappearing. No significant evolution was observed
after 1 week. Formation of a peak at 6=23.7 ppm,
characteristic of PhPdI(tppts),, by addition of an
excess Phl to this solution, with concomitant disap-
pearance of the signal at $=18.6 ppm, was an indica-
tion that the latter signal is that of a palladium(0)
complex Pd(tppts),. The time dependent shift of the
related signal and its broadness is probably due to a
fast exchange between tppts coordinated to palla-
dium(0) in Pd(tppts); and free tppts.

At 50°C, as expected, the reduction process is much
faster (Fig. 2). If we observed effectively three signals

at $=34.6,29.6 and —1.8 ppm after 3 min, the reaction
was completed after 40 min with only two signals at
6=34.7 and 18.0 ppm.

2.2.  Supported aqueous phase catalysis

Although SAPC has been successfully used in
hydroformylation of heavy or functionalized olefins
[22-26], selective hydrogenation of a,-unsaturated
aldehydes [27] and asymmetric hydrogenation [28—
30], no example of the use of palladium(0)-based
SAPC appeared in the literature since our preliminary
communication [31].

The supported palladium catalyst was prepared as
exemplified in Scheme 4. The palladium acetate
(0.1 mmol) and tppts (0.5 mmol) were dissolved in
3 ml of degazed water at 25°C for 1.5 h; the solution
was then poured onto 1 g of porous silica (Grace,
Sper=185m?g~!, pore diameter: 24 nm, pore
volume=1.2ml g™ "), previously evacuated at
200°C. After 2h at room temperature, the water
was evacuated to give the SAP catalyst SAP25P as
a yellow powder. Using the same procedure, but
maintaining the solution of Pd(OAc),/tppts at 50°C,
gave the SAP catalyst SAP50P. The palladium content
of the catalysts was ca. 0.76 wt.%. We also prepared
similarly a palladium/tppts catalyst immobilized on a
non-porous  silica  (Degussa,  Aerosil 200,
Sper=225 m*g ') SAP25NP; the palladium content
of this dry solid was ca. 0.74 wt.%.

The prepared catalysts were examined for their
ability to catalyze the allylic alkylation of methylene
active compounds using the reaction-test (Scheme 1).
The catalytic test was conducted as follow: 0.2 g of the
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Fig. 1. Evolution with time of the 3'P NMR spectrum of
Pd(OAc),+5 tppts in D,O at 25°C; (a) 3 mn; (b) 45 mn; (c) 48 h;
(d) 7 days.
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Fig. 2. Evolution with time of the 3P NMR spectrum of
Pd(OAc),+5 tppts in D,O at 50°C; (a) O mn; (b) 11 mn; (c)
40 mn; (d) 30 h.
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H,O (3 mL) Silica (1 g)
Pd(OAc); + tppts ~————= Pd(0) complex —————= Pd SAP Catalyst
0.1 mmol 0.5 mmol e then drying
Scheme 4.
dry catalytic system was transferred in a Schlenk tube 100
and a controlled amount of water was added via a ; (a) SAP25P
syringe. Then a solution of ethyl acetoacetate 7.
(3.6 mmol, 30 equiv) and (E)-cinnamyl ethyl carbo- S .
nate (3.0 mmol, 25 equiv) in the nitrile (6 ml) was é 50 -
added via a syringe, and the reaction mixture was = 40 , B
brought to 80°C. Analytical samples were analyzed by i ] i I7 E
gas chromatography after addition of an internal 104! B
standard (geraniol), the reactant conversion and pro- 0 l \
duct yield being determined from standard curves o 5 5 g
established using authentic samples. o ~ g_
The catalytic properties of SAP25P was first studied 5
as a function of the water content of the solid, the % H,0
reaction being performed at 80°C, with acetonitrile as 100 -
the organic solvent (Fig. 3(a)). Although the conver- 0 T (b) SAPSOP
sion of carbonate was nearly quantitative after ca. 1
24 h, the reaction was slow; after 8 h, the conversion ~ ég T
was only 40-50% whatever the initial water content of i:/, 50 ‘ B _
the solid. If the activity of the SAP and the two-phase S 40 . ‘ !
catalyst are similar, one can notice that: o 20 | ] |
|
e the stability of the catalyst under the SAP condi- ?8 | 1
tions is higher than under the homogeneous two- 0 | ! |
phase conditions. If precipitation of black particles - @ - - 3!
was observed after 6 h in the latter case, no sig- o - & b E
nificant metal leaching could be detected in the 5
former case (that is less than 0.5% of initial Pd % H,0

found in the solution at the end of the reaction).

o the SAP25P catalyst is highly selective in the
formation of the desired monoalkylated product,
only traces of dialkylated product being observed
after 24 h. On the opposite, the biphasic system
leads to large amounts of cinnamyl alcohol, which
is not the case for the SAPC.

e the SAP25P catalyst can be recycled. After
removal of the liquid phase and washing with
acetonitrile, the recovered solid is able to com-
pletely convert a similar solution of the reactants
under the same conditions.

We performed the same experiments with the cat-
alyst SAP50P. If its activity was quite similar to that of
SAP25P without added water, this activity increased

Fig. 3. Influence of the water content of solid catalyst (0.76% Pd)
on its catalytic properties in the allylic alkylation of ethyl
acetoacetate with (E)-cinnamyl ethyl carbonate using: (a) SAP25P;
(b) SAP50P. Conditions: My =200 mg, 7=80°C, 8 h of reaction,
solvent CH5;CN. (D) Carbonate conversion (%); ([]) Monoalky-
lated product yield (%); () Cinnamyl alcohol yield (%).

with the water content of the solid, reaching a plateau
at 22 wt.% water (Fig. 3(b)). The selectivity was again
very high and close to 100%.

The catalyst SAP25NP, obtained from a non-porous
silica, was used under the same conditions. The
observed activity for reaction 1 was quite similar to
those reported for catalyst SAP25P, as was the stability
toward formation of palladium particles and metal
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leaching (<1 ppm Pd in the supernatant solution, i.e.
<0.3% of the Pd present on the solid). So, it seems that
the presence of mesopores is not necessary for this
reaction under these conditions.

The activity of SAP50P for this reaction of alkyla-
tion is strongly dependent upon the nature of the
nitrile. Thus, it becomes several order of magnitudes
higher in benzonitrile and is strongly dependent on the
water content of the solid. So, no carbonate conversion
occurred within 3 h with a catalyst containing 3 wt.%
H,0, but complete carbonate conversion was achieved
within 1 h with a selectivity close to 100% with a

354
— 33.0
— 29.2

]

- N o<

- ~
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—— 140
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289
— 199

(c)

T

40 20 0 ppm

Fig. 4. Evolution with time of the *'P MAS NMR spectrum of
solid SAP25P (23 wt.% H,0): (a) at 25°C; (b) maintained at 80°C
for 2 h; (c) maintained at 80°C for 62 h.

catalyst containing 30-50 wt.% H,O; this is in quite
contrast with the time for complete conversion (24 h)
necessary when acetonitrile was used as the solvent.
However, above 50 wt.% H,O, the activity of the
catalyst SAP50P decreased, and we simultaneously
observed that the solid was poorly dispersed in the
liquid phase and that the solution became shallow.
This could be due to some leaching of water from the
solid and explained the difficulties encountered to
obtain in this case reproductible results.

A study of the nature of the surface phosphinated
species was performed by *'P NMR spectroscopy.
With a water content lower than 15 wt.%, the spectra
of the samples SAP25P are very broad, avoiding
identification of the surface phosphinated species.
Conversely, with a H,O content of 23 wt.%, the
spectrum is very close to the solution spectrum
((Fig. 4(a)). When this sample was heated at 80°C
for 2h, we observed three signals at 6=33.0 ppm
(tppts oxide), 29.1 ppm and 14.0 ppm (Fig. 4(b));
after 15h, the signal at §=29.1 ppm disappeared

| %
(a)
i) T T
| Lo
(b)
T " [ ' 1
40 20 0 ppm

Fig. 5. 3'P MAS NMR spectrum of solid SAPSOP (3 wt.% H,0):
(a) as such; (b) after addition of water prior to spectrum recording.
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and the third peak was shift at 19.9 ppm (Fig. 4(c)), a
phenomenon characteristic of the rapid exchange
between tppts coordinated to Pd(tppts); and free tppts.
Analysis of the surface species of solid SAP25P
containing 3 wt.% H,O was possible after addition
of a small amount of water directly in the rotor, just
before recording the spectrum. We observed effec-
tively in this case that reduction of Pd(II) to Pd(0) was
a slow process.

In the case of catalyst SAPSOP prepared by con-
tacting silica with an aqueous solution of Pd(OAc),+5
tppts preheated at 50°C, the surface complex is as
expected essentially Pd(tppts)s, even when the water
content is low (Fig. 5).

3. Conclusion

Immobilization of the system Pd(OAc), and
P(CgH4-m-SO3Na); (or tppts) in water either in a
two-phase liquid medium H,O-nitrile supported on
silica gave a catalytic system which is active in the
reaction of allylic carbonates with ethyl acetoacetate
and other carbonucleophiles (Trost-Tsuji reaction).
The activities as well as the recyclability of these
catalytic systems depend upon various factors such as
the ratio palladium/tppts, the nature of the organic
solvent, the miscibility of the nitrile and the water, the
water content of the solid in the case of the SAP
catalyst. The palladium SAP catalyst seems more
promising than the homogeneous two-phase catalyst;
work is now in progress to extend this methodology to
other palladium-catalyzed reactions.
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