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Abstract

A novel heterogeneous Pd/polymer catalyst contginoicatalytic functional groups catalyses thedlire
alkenylation of anisole with ethytans-cinnamate under oxygen. The properties of themehc catalyst were
compared to other immobilised catalysts. The agtivf the polymeric catalyst typically increasedtwi
temperature and oxygen pressure exhibiting thergbtactivity up to 100 TON at 383 K under 1. 2 MH&D,.
The most abundant product waspaiethoxyphenyl)-3-phenylpropanoatetb%). The reaction selectivity was
practically independent of the conditions. Spliatseand AAS measurements confirm heterogeneouaatkaof
the catalyst.
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1. Introduction

Arylalkenes are valuable products and intermedifatethe synthesis of fine chemicals [1, 2]. Thewentional
route towards arylalkenes comprises alkylationrofratics [3, 4] and subsequent high-temperature
dehydrogenation of arylalkanes. Synthetically viéiesalternative is the halogenation of aromatmofved by
the Heck reaction [4-6].

In comparison with the two-step technologies, tinead alkenylation of aromatics with olefins is aftractive
and waste-free approach [7, 8]. Moreover, the i@adtas a broad scope since almost any materiahdan
aromatic or olefinic bond can be used [9, 10].

In the presence of typically palladium(ll) acetesalyst, usually electrophilic Pd(Il) is formedt the end of the
catalytic cycle the active Pd(ll) species are redum Pd(0), requiring continuous reoxidation fug teaction to
proceed [11]. The convenient oxidants are Ag(l)IQuperoxides, oxygen, or the air. The regeneratf Pd(Il)
faces two main difficulties - inadequate reoxidatand clustering of Pd(0) particles. For this reaslbe overall
catalytic activity remains relatively low, althoutte so-called oxidative coupling was discoveredaaly in
1970's [12, 13].

Starting from copper(ll) and silver(l) acetates,[13] considerable improvement was achieved tittbuiyl
hydroperoxide [10], yielding turnover numbers (TQl)to 280. With the air or dioxygen TON up to Mdre
obtained [14, 15]. Such systems produce wateraserily by-product (Scheme 1) but the reoxidatiomise
challenging.

Scheme 1.
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The oxidative coupling under oxygen can be caroegl palladium carboxylates [16]. Promising resulése
also reported with heteropolyoxometalates as cahgsts [14, 15, 17-19]. While there is consideradifert
focused on designing highly active homogeneou®systthere are no reports on heterogeneous catalyst

The heterogenisation of an Pd alkenylation catadysbmplex task. The metal changes its statech eatalytic
cycle, Pd(ll) is susceptible to leaching and Pd&édys to form inactive clusters [20, 21]. The cqtad the
present work on immobilization of a homogeneoualgat is based on our previous studies [22, 23¢ Th
activity in the reaction between anisole (methoxytsne) and ethyfans-cinnamate was dramatically improved
by the addition of benzoic acid (TON = 780). Théehegeneous catalyst introduced in this work watetin

the coupling of anisole with ethfdans-cinnamate, too. It has to be noted, however,tti@teaction is universal
taking into account some common trends and rule$(924].

Generally the reactivity of aromatics increasesriter: furans > indole > naphthalene > anisolelteize~
benzene. The reactivity of alkenes increases iptbsence of phenyl group. The substitution onetarbons
decreases their reactivity. The order is then exidehCH=CH— CQC,Hs >> CH=CH-CO,C,H5 > CHs-
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CH=CH-CQ-C,Hs > CH,=CH—CN. Oxidative coupling is tolerant to a randdumctional groups, except to
reactants bearing functional groups that can ioteaare poisonous for the catalyst such as -SH, -NH,,
and -NH-. Low reactivity was observed for olefirsabing -CN, -CHO, and -CH. These substituents are
assumed to strongly interact with palladium. Thevoayl group can be easily converted to carboxyi@jer the
reaction conditions.

We herewith report first heterogeneous, polymepsuied Pd catalyst containing aromatic carboxydicl a
groups, as active catalyst for the direct oxidasilkeenylation under dioxygen.

2. Experimental
2. 1. Catalyst synthesis

The catalysts were prepared by wet impregnatidhetupports with Pd(ll) acetate (47% Pd, Fluk&e T
suspension of the support and calculated amourt@Ac), were shaken for one hour in 50 ml of toluene
(99.99%, Fisher) with the addition of 100 pl ofibtdled water. The impregnated supports were cdisetiried
in rotary evaporator at 333 K under a vacuum okRa.

The 5 wt% Pd/C was from Johnson Matthey. The coroiglgproducts were supports Celite 521 (94%,SiO
Acros), 3-carboxypropyl functionalized SiQvarian), 4-carboxybutyl functionalized SiQAldrich), Amberlite
IRC-50 (Fluka) and Dowex MWC-1 (Fluka). Home-mad®,S790 nf/g) was synthesised via sol-gel method
according to De Witte et al. [25].

The polymeric support poly(4-vinylbenzoic acid){soly(methylmethacrylate)-co-poly(ethylene glycaomgith-
acrylate) was prepared via radical polymerisatidre typical composition was 82.5 wt% of methylmetiyéate
(MMA), 10 wt% of ethylene glycol dimethacrylate (B&A), and 7.5 wt% (0. 5 mmol -COOH/q) of 4-
vinylbenzoic acid (VBA). The calculated amountdMi¥lA (99%, Aldrich), EGMA (98%, Aldrich), and VBA
(97%, Aldrich) were dissolved in tetrahydrofurarHf) in a Schlenk tube. The mixture was degassed and
polymerised in argon atmosphere for 24 h at 333iKkguisobutyronit-rile (98%, Fluka). The obtained
crosslinked copolymer was finely crushed, dispeimsetHF, and the suspension stirred for 24 h. Tinéfipd
support was filtered, rinsed with THF and driedvéituum at 353 K. The purification was repeatecafsecond
time. In the last step the pure copolymer was dnegaicuum at 353 K for 24 h.

2. 2. Oxidative coupling

Alkenylations were carried out undeg @ stirred 10 ml stainless steel reactors. Untindard conditions the
reactor contained 0.15 g of the catalyst (0.03 mirah)| 0.53 g (3 mmol) of ethyflans-cinnamate (99%,
Aldrich), and 4 ml of anisole (99%, Acros). Perically withdrawn samples were analyzed by GC (Adilen
6850) equipped with FID and a 32 m capillary coludf-1 (Agilent). Reaction products were identiftladGC-
MS (Agilent 6890N, 30 m column HP-5ms) using refee compounds obtained selectively via Heck reactio
from the corresponding aryl iodides.

Reactions were usually followed for 96 h. The gdielactivity was evaluated by comparing substrate
conversion and turnover numbers (TON) at particridaction times. TON was defined as molar ratiovben
the reacted ethyl cinnamate (EC) and the amoupakddium present in the catalyst.

The so-called split-tests were performed undestardard conditions. The liquid-phase and the s@ltdlyst
were separated via filtration after 4 h of reactibhe further reaction progress in the filtrate wamitored [26].

3. Results and discussion

The homogeneous alkenylation of anisole with ettayiscinnamate can be conducted with very high
effectiveness in the presence of Pd(ll) acetatebamaoic acid [22, 23]. The comparison among dedd
catalysts in coupling of anisole to etlisdns-cinnamate is shown in the Table 1.

The reduced 5 wt% Pd/C catalyst (Johnson Matthag)rtegligible activity, even in the presence ofznénacid
(entry 1, 2). Apparently no Pd(ll) was availabldrtiiate the C-H activation.

High olefin conversions were observed over Pd(Qiapregnated Si@and Celite (entries 3-5). However, the
activity is ascribed to the homogeneous charadtéreoreaction confirmed by the presence of Pdhénliquid-
phase and by catalytic activity in the filtrate.

The immobilization of the dissolved acid onto th@ort is another desirable improvement towardstalygst
heterogenisation. Commercial silicas with covaleattached (CH, COOH groupsr{ = 3, 4) contain relatively
low amounts of acid groups (0. 35-1. 2 mmol/g). legmation of these materials with Pd(OAgives catalysts
with a clear activity in the oxidative alkenylati¢gantry 6, 7). Moreover split tests and AAS did gest less
extensive leaching of Pd(OAc)
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The commercial, weakly acidic acrylic resins wittaahed -COOH, here represented by Dowex MWC-1 and
Amberlite IRC-50 displayed very low activity (entBy 9). The result might be explained by high conicion

of -COOH (10 mmol/g). Due to close proximity of theidic groups, that can favour double coordinatibthe
Pd(Il), the formation of electrophilic Pd(ll) spesiwith a vacant coordination site for an incormrangne might
be impeded (compare entries 10 and 11 in Table 1).

Table 1 : Supported Pd catalysts for the oxidative alkatigh of anisol&

Entry  Catalyst Support acidity [mmol -COOH/g] Pd [wt%] X [%]° Leaching
1 Pd/C - 5 0.2 X°
2 Pd/C + BA - 5 0.2  x

3 Pd/SiQ - 4 97 Yes
4 Pd/Celite 521 - 2 100  Yes
5 Pd/Celite 521 - 4 100  Yes
6 Pd/HOOC-propyl-SiQ 0.35 3.7 30 Yes
7 Pd/HOOC-butyl-SiQ@ 1.2 2.1 22 Yes
8 Pd/ Amberlite 10.0 25 2(70) x

9 Pd/Dowex 9.5 25 9(70) «x
10 Pd/copolymer 0.5 2.1 50 No
11 Pd/copolymer 2.0 2.1 17 No

3383 K,p(0,) = 0.8 MPa.

P Conversion of cinnamate after 24 h (other valudicated in parentheses).
° Not tested.

40.6 mmol benzoic acid.

In a further refinement, a tailor-made polymeripgort with lower concentration of acid groups westéd.
Under the standard reaction conditions conversimosnd 50% (TON = 50) were easily achieved (enBy 1
Additionally, the reactions carried out in the alose of the Pd catalyst supported on the acid-nmexdlifi
copolymer indicate heterogeneous character ofdhetion. The typical reaction courses in the preseamd in
the absence of the catalyst (split test) are shiaviig. 1.

Fig. 1. Split test (383 K, 1.2 MPa of,owith 2. 1 wt% Pd/polymer. Closed squares indidgpécal reaction
course, open ones show cinnamate concentrationthftecatalyst was filtered out.
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After the catalysts was filtered out the conversiothe clear filtrate remained constant, whiléhia presence of
the catalyst further reaction progress was obse®eslides this practical test, AAS analyses ofithéd-phase
(Varian's SpectrAA 20) confirmed the conclusionhaterogeneity of polymer supported catalysts pliagidn
evidence for negligible leaching of Pd. The measareerage Pd concentrations in the liquid-phasgen
between 10-15 ppm corresponding to less than 2 aftffte total Pd content in the catalyst.

To establish operational window and the basic gataproperties of the polymer supported catali=,
principal reaction parameters were varied (Table 2)
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Table2: Pressure and temperature effects on the arsion of ethyl trans-cinnamate over 2. 1 wt%
Pd/polymer cataly8t

TIK] p(Oy) [MPa] X [%]° TON (96 h)
343 1.2 8 23
363 1.2 24 32
383 0.4 34 37
383 0.8 50 53
383 1.2 47 51
403 1.2 51 57
423 1.2 19 26

3 Standard conditions (0.03 mmol Pd, 3 mmol ethapis-cinnamate)® Conversion of cinnamate after 24 h.

The effects of reaction temperature and oxygenspresgiven in Table 2 point to the decrease offtbal at the
temperature of 423 K and a positive reaction ondexygen. Regarding the reaction mechanism, during
oxidative alkenylations all the aromatic C-H boatls activated, leading to simultaneous formatiodifiérent
isomers. The Scheme 2 depicts the general reastiame for coupling of anisole with ethgdnscinnamate.

Scheme 2. Oxidative coupling of anisole with ethyl trans+tamate.
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Given by the mechanism, mixtures of isomers wepeeted. In line with the formation of the two most
abundant products: ethyl B-(nethoxyphenyl)-3-phenyl-propanoatet6%) and ethyl 3g-methoxyphenyl)-3-
phe-nylpropanoate=5%), the reaction proceeded mainly atghgosition of the cinnamate, whereas the
substitution in anisole took part éra andortho positions. The selectivity towards the remainingrfo
derivatives was considerably lower compared tawtemain compounds.

The reaction selectivity was almost independenhefconditions. The oxygen pressure apparentlydid
influence product distribution, while slightly momgetaisomers were formed at higher temperatures.

The immobilization of Pd alkenylation catalyst ahd achievement of an active heterogeneous catahst
difficult task particularly challenging since theaction was carried out under oxygen. Comparedneentional
the current approach did considerably simplifyib@ction environment establishing a system in witieh
oxidative coupling is carried out in a standaraéiphase system. The complexity of the task is well
demonstrated by the data in Table 1. Only the desigoolymeric catalyst exhibited reasonable agt&ibng
with the desired heterogeneous character.

Under the reaction conditions the highest TON ado®® were obtained (Table 2). Further activity immment

of the heterogeneous catalyst can be realisechbytdining the composition of the support and chaqngome of
the experimental parameters. For instance, coattahtalyst pretreatment was found to extend tradysh

lifetime to more than 100 turnovers. In the homagerrs reactions using various oxidants the turneakres

vary between 3 and 280 with an average turnov8Bd.0, 11]. Using a co-catalyst (HPMG HPMa;V,) the
highest TON under Owvas 121 [15]. In previous work, in the presencberizoic acid, TON of 780 was reached
[23].

The oxidative coupling reaction is generally apgtie to almost any combination of aromatic compoamd
alkene. The present catalytic system was alsoevtith alkenes bearing a nitro group (ethyl nitnm@mate).
The alkenylation op-hydroxyanisole yielded exclusively conjugated atide addition products. The results
follow very well the common trends described inititeoduction, the tested heterogeneous catalystise
expected to be generally active in the oxidativeptiog.
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4. Conclusions

A polymeric support modified by vinylbenzoic aciddaimpregnated with palladium(ll) acetate gives
heterogeneous catalyst active in the direct oxidaglkenylation of arenes under dioxygen. The lBgR©ON
reached about 100. The product distribution waoatrimdependent on reaction conditions and closely
resembled the selectivity of the homogeneous machin contrast to conventional alkenylations il

complex environments the presented catalytic sysdesimple. Although the oxidative coupling of aieswith
ethyltrans-cinnamate is investigated in more details, thetogteneous catalyst is applicable to other aromatic
and alkenes.
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