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CHAPTERCHAPTER 7 

Selectivee Palladium-Catalysed Oxidative Coupling of Anilides with Olefins 

throughh C-H Bond Activation at Room Temperature' 

Abstract t 

Usingg a high throughput experimentation approach, a selective and mild palladium-catalysed 

oxidativee coupling reaction between anilide derivatives and acrylates was found that occurs 

throughh ortho C-H bond activation. This reaction provides a novel, promising method for 

synthesisingg valuable functionalised aryialkenes without the formation of halide-vvaste. The 

reactionn is carried out in an acidic environment under mild conditions. Using the cheap oxidant 

benzoquinonee yields up to 91% are obtained at ambient temperature. At elevated temperatures, 

evenn oxygen can be used as the oxidant, resulting in water as the only side-product. The reaction is 

insensitivee towards water and can be performed in the presence of non-coordinating solvents. It 

exhibitss first order kinetics in acetanilide. as well as a strong electronic dependence, with electron-

richh aromatic compounds reacting faster than electron-poor arencs. A plot of the observed reaction 

ratess A;*., for a series mtva-substituted acetanilides against the Hammett om parameter yields an 

approximatelyy linear correlation with a p -value o f -2 .2. Furthermore, a kinetic isotope effect is 

observedd (An AD = 3). These results are interpreted in terms of a mechanism of the coupling in 

whichh the key step of the catalytic cycle is believed to be the electrophilic attack by a [PdOAc] 

complexx on the /r-system of the arene. This step is likely to be rate-limiting. 

Partt of the work in this chapter has been published: Maarten D. K. Boele; Gino P. F. van 

Strijdonck:: Andre H. VI. de Vries: Paul C. J. Kamer: Johannes de Vries: Piet \Y. N. \ 1 van 

Leeuwen../.. Am. Chem. Sot: 2002. 124. 1586-1587. 

147 7 



ChapterChapter 7 

7.11 Introductio n 

Thee palladium-catalysed arylation of olefins (better known as the Heck-Mizoroki reaction) is 

noww recognised to be a key reaction for constructing new carbon-carbon bonds. Being a very 

mildd method and showing compatibility with main functional groups, it is a very attractive tool for 

thee production of aromatic fine chemicals. In recent years, much progress has been reported on 

thee development of new catalysts for this reaction, that show high stability and reactivity, even 

towardss relatively unreactive starting compounds (e.g. aryl chlorides). Still, a major drawback 

accompanyingg this procedure is the restriction of possible substrates to mainly organic halides. 

whichh leads to the coproduction of a significant amount of halide salt. For industrial application, 

thiss large waste stream poses environmental problems. Promising examples have been reported in 

whichh alternative leaving groups have been employed, such as organic anhydrides, which produce 

thee corresponding acid as the side-product (together with carbon monoxide) that can be recycled to 

thee anhydride again. Nevertheless, a clear need remains for alternative Heck-type coupling 

reactionss that enable production of functionalised aromatic compounds with reduced waste 

formation.. C-H activation reactions, one of the most challenging fields in modern chemistry' "' 

couldd provide such a methodology. 

Manyy late transition metals are known to be able to form efficient catalysts for functionalising 

aromaticc compounds through C-H bond cleavage.|!M"' Coupling reactions of arenes bearing an 

ort/70-directingg group (e.g. «-aryl ketones) with olefins can be performed selectively and smoothly 

usingg ruthenium-catalysts in reflu.xing toluene, as shown by Murai in the early 90's (see scheme 

1).. 1~~ In these cases, addition of the C-H bond to the double bond takes place, producing 

alkylarenes.. Experimental and theoretical considerations suggest that the oxygen of the carbonyl 

functionalityy coordinates strongly to the Ru-centre. followed by the breaking of the closest (ortho-) 

C-HH bond.[25] 

Exampless of the oxidative catalytic coupling of aromatic compounds arc much less abundant. 

Akermarkk reported the inter- and intramolecular coupling of diphcnylamine and quinone 

derivativess using palladium as the catalyst.1"" ' Fujiwara'9' 2W1 and later others1-" '' have 

exemplifiedd the palladium-catalysed oxidative coupling of arenes and olefins, both in a 

~~ catalyst 

Schemee 1. General representation of addition-type (a) and oxidative (b) coupling reactions between 

areness and alkenes. 
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stoichiometricc and a catalytic fashion. In these cases, the required presence of peroxides as the 

oxidantt in combination with strong acidic media and or ele\ated temperatures is still a major 

drawback.. Recently. Vlilstein and co-workers reported the use of ruthenium catalysts and molecular 

oxytzenn as oxidant in the coupling of benzene with alkenes. " This reaction produces only water as 

thee side product. Unfortunately, this procedure shows moderate selectivity in some cases and 

requiress high temperatures (180 ~C). We decided to study the functionalisation of aniline 

derivativess with alkenes through C'-H bond activation. This type of reaction would produce 

valuablee aromatic compounds, and can function as a model reaction for other coupling reactions, 

e.g.. the intramolecular synthesis of indoles. In this chapter, we report a mild method for such 

functionalisationn of anilities with alkenes using Pd(OAe): as the catalyst together with cheap 

oxidantss and solvents. 

7.22 Results and Discussion 

7.2.11 Initia l Screening and Optimisation Experiments. To find a lead, we first employed 

rapidd screening experiments using a parallel synthesis apparatus and tested several potential 

catalystt precursors with different functionalised substrates (a schematic overview' of the 

experimentall  set-up is shown in the Experimental Section). The reactions were performed under an 

inertt atmosphere using 1 mol % of the catalyst on a 2 mmol scale of the substrates in various 

solventss at SO °C. Analysis of the results was performed after 16 hours reaction time by GC and 

CiCMS.. From these experiments, the coupling of styrene with acetanilide in the presence of 

Pd(OAc);; and an equimolar amount of benzoquinone (BQ) emerged as a "hit", resulting in the 

predominantt formation of a single product in ca. 20 % yield (estimated by GC). Isolation of the 

productt and subsequent characterisation revealed that the compound was (£)-2-

aeetylaminostilbene.. resulting from the oxidative coupling of the aromatic compound with the 

alkene.. This lead prompted us to further research. 

Sincee in general acrylate substrates are more reactive in Heck reactions than styrene. further 

screeningg experiments were carried out using /?-butyl acrylate. The results hereof are summarised 

inn Table 1. As found in the parallel experiments using styrene. aniline derivatives 4 and 5 are not 

reactivee under the conditions tested. The reaction of acetanilide (1) with //-butyl acrylate proceeds 

smoothlyy and selectively at SO C using 2 mol "» Pd(OAc); and benzoquinone as oxidant to yield 

thee common Heck product (£)-3-(2-acetylamino)phenyl]propenoic acid butyl ester exclusively (3 

inn Scheme 2). in somewhat higher yield than in the reaction using styrene (entry 3). No u-

substitutionn or Z-product formation was observed, in correspondence with the characteristics ol 

acrylatee couplings in Heck type chemistry in general. ' Furthermore, no formation o\' 3- or 4-

substitutedd coupling products was observed in an> o! tk. reactions performed. This shows the 

lao o 
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1 1 

Pd(OAc)2 2 

0.. BQ HN-
Buu _ ^ 

HOAc c v\\ t~\ °-Bu 

Schemee 2. Palladium-catalysed reaction of acetanilide with //-butyl acrylate to yield (£)-3-(2-

acetylamino)phenyl)propenoicc acid butyl ester (3). 

importancee of the orrto-directing effect of the amide group, analogously to the selective C-H 

activationn of Cü-arylketones in 'Murai-type' catalysis. We did not detect any trace of products 

resultingg from N-ll bond activation. Under the acidic conditions employed, the deprotonation of 

thee amide nitrogen is probably an unfavourable reaction pathwa). 

Remarkably,, lowering the reaction temperature to 20 C results in higher yields (Table l. 

entriess 3-4). Acetic acid proved to be the solvent of choice, but using mixtures (up to l:l v/v) of 

HOAcc with 

Tablee 1. Coupling of aniline derivatives with //-butyl acrylate using Pd(OAc); 

l:ntryy Substrate Tempi C) Solvent Additives Yield " u 

11 4 80 HOAc none 0 

nonee 35 

nonee 54 

TsOH'' 72 

TsOHH 23 

H20(5%v/v)) 49 

NaCll  0 

nonee 61 

TsOHH 29 

""  substrate (3.0 mmol). //-butyl acrylate (3.3 mmol). Pd(OAc): (0.06 mmol). BQ (3.0 mmol). 

Yieldss are isolated yields. See the Experimental Section for more details. 1:2 ratio (v v). NMP = 

Y-mcthyll  pyrrolidinone. 1.5 mmol ' performed using H :0: as the oxidant. 

CH:CI;; or Till - docs not affect the yields to a large extent. Products arising from coupling of the 

alkenee with aromatic solvents used (e.g. toluene) are not observed. When benzene-</,, is used, no 

incorporationn of H-atoms occurs, indicating that C-H activation of aromatic compounds without 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

... . 

"' ! ! 

5 5 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

M l l 

80 0 

20 0 

20 0 

20 0 

20 0 

20 0 

20 0 

20 0 

HOAc c 

HOAc c 

HOAc c 

HOAcc Toluene" 

HOAcc NMP 

HOAcc Toluene" 

HOAcc Toluene' 

CF,COOH H 

HOAcc Toluene'' 
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coordinatingg substituent docs not take place under these conditions. Solvents with coordinating 

abilitiess like NMP hamper the catalytic reaction (entry 6). This indicates that competitive 

coordinationn of the substrate and sol\ ent occurs in these cases, effectively blocking the C-H bond 

breakk in». Water or oxvgen do not have a disadvantageous effect on the conversion, enabling the 

reactionss to be conveniently performed under air atmosphere. The presence of a substoichiometric 

amountt (0.5-1.0 equiv.) of/wtz-toluencsulfonie acid (TsOH) has a large beneficial effect, resulting 

inn an increased vield. up to 72 'V when acetamhde is employed as the substrate (Table 1. entry M. 

Largerr amounts of TsOH do not further improve the yields, but instead promote a side reaction of 

thee alkene. probably an acid-catalysed polymerisation. 

Recently.. Fujiwara reported on the effective and mild palladium-catalysed coupling of electron-

richh arcnes with alkenes and alkynes. resulting in the reductive formation of arylalkanes and -

alkeness respectively. 's " These reactions could be performed both in an intramolecular and 

intermolecularr way. The acidity of the solvent was shown to have a large influence on the reaction 

ratee in these hydroaryiation reactions. CF.COOH being much more effective than HOAc. These 

observationss could be explained in terms of increasing electrophilicity of the Pd(ll) centre by 

replacementt of AcO' by CF-XOO . caused by stronger electron-withdrawing capacity and weaker 

coordinationn of the trifluoroacetate anion. This renders the Pd-centre more cationic and therefore 

moree electrophilic. resulting in faster metalation of the aromatic t'-H bond. In our case, employing 

CT\COOHH as the solvent (without TsOH added) results in similar catalyst performance as the 

aceticc acid TsOH combination (entry 9. Table 1). Apparently, the increased acidity also results in 

protonationn of a larger amount of the metal complex, thereby increasing the electrophilic character 

off  the catalyst. Protonation of the anions can also influence the rate of subsequent alkene 

coordinationn and insertion in the catalytic cycle (vide infra). 

Otherr metal complexes, e.g. Ru,(C'0); :. [Ru('l;(/>-cymene)];. PtC'1; and Ni(OAc):. showed no 

activityy under the standard conditions used. Palladium sources such as PdC'F. Pd(PPh;);C'l: and 

palladiumm on charcoal resulted in no to low <-' 10%) conversions. Addition of inorganic acids (HC1. 

IFSOj)) had a large detrimental effect on the catalytic performance. Ryabov and coworkers have 

shownn that the stoichiometric reaction of the ur/Zw-palladated anilide complex dimer \({C.()>-2-

C'„H_\HC'(0)CH-,)Pd(II)(i/-OAc)];; with styrenes is acid catalysed, and that protonation is likely to 

occurr at the bridging acetate ligands. " Similarly, the stoichiometric reaction ot%/v//n-palladatcd 

\,, Y-dialkylbenzylatnines with alkenes was shown to occur through initial protonation of the 

correspondingg chloride-budged Pd dimers. 'v Subsequent alkene coordination, followed by 

insertionn and J3-H elimination yields the corresponding v my kited arene. Apparently, in our case 

hall  ides block the preceedmg step of the catalytic cycle, i.e. coordination cleavage of the C-H bond 

inn the aromatic substrate, by coordinating to the Pd(II l-centre. This coordination wil l decrease the 

electrophilicityy of the metal and thereby its reactivity (entry X. Table 1). Furthermore, it is known 

thatt the presence of halide anions can favour protonolysis of Pd-a!kyl bonds over /3-H 
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elimination.. ' This would result in the formation of alkylarenes as side-products in our system. 

However,, no such addition products are observed in our reactions. 

Tablee 2. Coupling of substituted anilide derivatives with «-butyl acrylate using PdtOAc); in acetic 
acid d 

l-ntiyy Substrate Product Yield (%) 

NN H ^ N „ 

SS 13 22 (26) 

reactionss performed as described in Tabic 1, entrv 5. Yields in parentheses were determined b\ 

GC.. ' determined b> 11 NMR. 

7.2.22 Scope of the Reaction; Substrates. To investigate the scope of the reaction, we tested 

severall  other substrates under the optimised reaction conditions. Substituents on the aromatic 

moietyy ol the acetanilide substrate were found to influence the efficiency of the coupling reaction 

significantlyy (see 'fable 2). As anticipated, ///-/////-substitution hampers the reaction to a large extent, 

ass is shown bv the lower yield with 2-methyl acetanilide (entrv 1 ). It has been reported that the 

palladationn of///'/////-substituted acetanilides does not take place at all  L or at elevated temperatures 

only.. * Besides the statistical decrease in sites available lor (-11 activation, stene and electronic 

effectss are likely to play a role herein. Using 3-methyl acetanilide (7: entry 2) the reaction 

efficienc)) is enhanced to give a 91% isolated yield of coupling product 16. No formation of the 6-

substitutedd product is observed. probablv due to steric reasons. Modification of the aromatic ring 

withh substituents having electronically different properties has a large influence on the outcome of 
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thee reaction (entries 3-5; also see below). Clearly, electron-donating meta-substituents result in 

higherr yields. The inductive donating effect of the 3-methyl group makes the position para to it 

moree susceptible to electrophilic attack, but the difference in yield with the 4-methyl substituted 

acetanilidee is small, see entry 3. Multiply substituted substrates only yield small amounts of the 

desiredd product (entry 6). 

Interestingly,, application of several aromatic substrates possessing other potentially ortho-

directingg groups did not result in the desired coupling products (Figure I). Thus, the reaction ol N-

methvll  acetanilide (24) gave no conversion at all. Possibly, the coordinating ability of the amido 

groupp is reduced by the steric bulk of the methyl group, which forces the amide substituents to 

bendd out-of-plane. Furthermore, the methyl group makes tautomcrisation towards the enol form of 

thee amide impossible. .Y-Methyl-2-phenyl acetamide (12) can be applied (entry 7. Table 2). as well 

ass formanilide (entry 8). although the yields in these cases are only moderate. When benzanilide 

(14.. entry 9) is subjected to the catalytic conditions, only the isomer arising from the C-H 

activationn at the nitrogen-substituted aromatic ring is observed (as determined by NMR 

CrYY CrYF' CA 
244 25 26 27 

Figuree 1. Aromatic substrates not reactive under standard conditions in the palladium-catalysed 

oxidativee coupling with «-butyl acrylate. 

spectroscopyy and GC MS). This remarkable regioselectivity can be explained by the preferential 

formationn of a six-membered palladacycle. which apparently is favoured over the isomeric five-

membcredd intermediate. This is confirmed by the fact that .Y-inethyl benzamide is not reactive 

underr the standard conditions tested cither. Since five-membered palladated complexes are known 

too be more stable than six-membered analogues.'44-45] we suggest that the electronic properties of 

thee carbonyl do not allow coordination and subsequent C-H activation in these five-ring cases. This 

wass supported by the fact that no deuterium incorporation was observed when the unreactivc 

substratess were treated with acetic acid-c/, under catalytic conditions but in the absence of alkene. 

Thee subtlety of the factors governing the reactivity of the aromatic compounds is further illustrated 

byy the lack of reactivity of phenyl acetate. Recently, the palladium-catalysed orfAo-arylation of 

alkyll  aryl ketones and related compounds has been reported to occur under basic conditions. 

Thiss type of coupling reaction is likely to proceed through a different mechanism, but could have 

intermediatess in which five-membered Pd(C'.O) palladacycles play a role. In these studies, the 

authorss suggest that the palladation occurs via initial enolate oxygen coordination. 

153 3 
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Onee of the problems possibly arising in C-H bond activation chemistry is the formation of 

multiplyy substituted products since several C-H bonds are present. This complication often has to 

bee suppressed by the use of a large excess of aromatic substrate. In our studies, only in a few cases 

minorr amounts (< 1%) of disubstitution are observed, even when a small excess (< 1.5 equiv.) of 

alkenee is employed. This indicates disfavoured electronic and steric properties of the primary 

productt formed towards a second substitution. 

Pd(OAc)2 2 

^ RR B Q 

HOAc c 
'' -R 

Tablee 3. Coupling of 3-methyl acetanilide with different alkenes using Pd(OAc); m acetic acid 
toluene''' ' 

entryy Alkene Temperature (°C) Yield' Co) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

RR = Ph 

RR 4-MeO-Ph 

RR = 4-CI-Ph 

RR = OMe 

1,3-cyclohexadiene e 

EtOOCCsCH H 

28 8 

29 29 

30 0 

31 1 

32 2 

33 3 

20 0 

4(1 1 

40 0 

20 0 

20 0 

20 0 

24 4 

<< 5 

58 8 

<r' ' 
<r' ' 

"conditions:: 5 mol % Pd(OAc)2, 0.5 equiv. TsOH. 1.5 equiv. BQ, reaction time 16 hrs. ''2 / 1 (v/v) 

'' determined by GC. ''unidentified by-products formed. 

Otherr alkenes, like styrenc. can also be applied, although less mild conditions are required in 

thesee cases (Tabic 3). For example, styrenc reacts with 3-methyl acetanilide (7) using 5 mol % 

Pd(OAc);; at 40 °C to give a 24 % yield of (£>2-acetylaminostilbene. The coupling reactions are 

hamperedd by the increased amount of side product formed from olefin polymerisation on 

employingg elongated reaction times. When electron-rich styrenc derivatives are used, this 

polymerisationn reaction is even dominant. The addition of radical scavengers as 4-tert-

butylcatecholl  did not inhibit the consumption of the alkene. Styrencs with electron-withdrawing 

substituentss give higher conversions towards the C-H activated coupling product. Thus. 4-

chlorostyrenee reacts with 3-methylacetanilide at 40 °C using 5 mol % palladium catalvst to the 

correspondingg stilbene derivative in 58 % yield. Other alkenes. e.g. vinyl ethers gave no coupling 

too the desired product. Remarkably, application of ethyl propiolate does not result in the expected 

correspondingg arylacetylene, but yields a complex mixture of several unidentified compounds. 

7.2.33 Influence of the Oxidant. The coupling reactions described so far were performed using 

benzoquinonee (BQ) as the oxidant. Use of other oxidants, e.g. hydrogen peroxide (see entry 10 of 

Tablee 1) or Cu(II)(OAc)2, give conversions that are significantly lower than those obtained 

154 4 
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employingg benzoquinone. The role of the BQ can be twofold. It serves as the oxidant, resulting in 

thee formation of Pd(II) and hydroquinone. This reaction is known to be accelerated by acid. "' '' In 

addition.. BQ can act as a ligand, stabilizing the different Pd-species present during the catalytic 

cycle.. ~" ': Addition of more than one equivalent of BQ docs not improve the yield significantly in 

ourr reactions. Application of less than one equivalent of BQ lowers the conversion to a larger 

extentt than expected on the basis of simple stoichiometry. These results indicate that the role ol 

benzoquinonee is beyond that of just being the oxidant. 

Wee also studied the possibility to apply molecular oxygen as the oxidant in this catalytic 

system.. In this case, the only side-product formed is water, resulting in a truly waste-free lleck-

typee coupling reaction (Scheme 4). Several examples exist in which Pd(II) is regenerated using 

H H 

r ^ V ^ Y "" + ^ C O O B 

11 2 

Schemee 4. Oxidative coupling of acetanilide w ith «-butyl acrylate using oxygen as the oxidant. 

oxygen,, sometimes in combination with catalytic amounts of co-oxidants (e.g. Cu(II)), the most 

famouss being probably the Wacker process. 52] We tested the coupling of acetanilide with n-butyl 

acrylatee under an oxygen atmosphere (I atmosphere) using 10 mol "o of benzoquinone and 10 mol 

"„„  of C'u(II)(OAc); at 70 °C. After two hours. GC analysis of the reaction mixture revealed more 

thann 98 % yield of the desired coupling product. When the copper co-catalyst was omitted, the 

conversionn reached 78 % after 4 hrs. Reactions run at room temperature did not result in formation 

off  the product. Apparently the re-oxidation of the Pd(0) species formed after each catalytic cycle 

hass a higher activation barrier when employing oxygen instead of BQ. Cu(II) lowers this barrier to 

somee extent. These important results represent one of the first examples of an efficient oxidative 

couplingg of arenes with alkenes at low temperatures using oxygen as the oxidant. 

7.2.44 Mechanistic Aspects. To gain more insight into the mechanism of the oxidative coupling 

describedd here, we decided to investigate the electronic dependence of the aromatic substrate of the 

reaction.. Competition experiments of a series of 4-substituted acetanilides show that electron-rich 

areness react significantly faster (k,.,„(8) > k„hj9) = k,lhJl) » k,,.,(10)). The kinetic data resulting 

fromm these competition experiments give a llammett-Brown plot showing the log (k,,K k,,) vs. the 

a,„a,„  constants as depicted in Figure 2. Although the correlation is not conclusively linear, we 

estimatee from the slope ol' this plot that p = -2.2. Similar p-values have been reported for 

Pd(OAc)2 2 

o2 2 
» » 

A A 
H,0 0 

COOBu u 
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0.5 5 

O"" m 

0.8 8 

j? ''  \ 
5.. -0.5 \ . 
O)) \ 

oo N. 

yy = -2.1619x + 0.0887 ^ j C F , 

R22 = 0.9868 

-1.5 5 

Figuree 2. Hammett-Brown plot for the reaction of para-substituted acetanilides \\itl i n-

butylacrylatee and BQ as the oxidant.om- values «ere taken from ref. 53. 

electrophilicc aromatic substitution reactions.1"41 Based on these results, a reaction pathway which 

involvess slow attack of the electrophilic I'd species (presumably Pd(OAc)*) on the arcne ^-system, 

resultingg in a Wheland-type (arenium ion) intermediate (see scheme 5). seems probable.'3 J An 

alternativee mechanism, which involves oxidative addition of the C-H bond to Pd(II) to yield an 

(aryl)Pd(IV)(H)) complex seems unlikely because the electronic dependence observed is not in 

accordancee with such a mechanism. Furthermore, it has been argued that a Pd(ll) Pd(IV) 

mechanismm is not likely to occur when using aryl substrates.'4^ although some controversy exists 

concerningg this matter. 

Too test the electrophilic substitution mechanism hypothesis, the coupling was probed for the 

presencee of a kinetic isotope effect, determined by division of the observed rate-constants (kobi) 

obtainedd using acetanilide and 2,3,4,5,6-acetanilide-a',- (see Figure 3). The reaction appears to 

followw pseudo first-order kinetics for both acetanilide-/?5 and acetanilide- .̂ From this we calculate 

£'obs.H=l-9-- 10""mol"1- s"1  dm'and A'„ b, [, = 6.4  LO^mol"1- s"1  dm'. Thus, the reaction indeed 

exhibitss a small but significant kinetic isotope effect (kH/kD = 3). indicating slow C-H bond 

activation.. The value found here is similar to values reported for other palladium systems involved 

inn electrophilic aromatic substitution.54' Theoretically, one would expect no kinetic isotope 

effectt for reactions in which the C-H D bond breaking is not the slowest step. Since the 

electrophilicc attack of the palladium centre on the ^-system of the arcne is likely to be the rate-

limitin gg step of the catalytic cycle, (see above) the small isotope effect present can arise from the 

so-calledd partitioning effect.1'' ' This effect can be kinetically deduced from the presence of a pre-

equilibriumm of the intermediate in aromatic electrophilic substitution (the earlier mentioned 

-0.2 2 

-1 1 

II 56 

file:////itli
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areniumm ion) and the starting compounds. When the reverse reaction of'this equilibrium is able to 

competee with the fast C-H(D) bond breaking step, the observed rate will depend to some extent on 

thee rate constant of this irreversible step, resulting in a kinetic isotope effect. 

00 5 

o7 7 

yy = -1.40E-04x-9.37E-03 
R22 = 9.92E-01 

 acetani!ide-h5 

oo acetanilide-d5 

yy = -4.22E-04x + 4.55E-02 
R22 = 9.92E-01 

-2.5 5 

Figuree 3. Logarithmic plot of the reaction rate for the reaction of acetanilide-/;? c/5 with n-

butyll  acrylate. 

40 0 

35 5 

30 0 

25 5 

15 5 

10 0 

5 5 

oo o 
0 0 

• • 

- ; > : : 

• • 

O O 
TJ TJ 300 0 

• • 

O O o o 
50C C 

t imee (s i 

Figuree 4. Reaction profile for the stoichiometric reaction of «-butyl acrylate and acetanilide usir 

[((CO^-2-C6H4NHC(0)CH.,)Pd(II)(u-OAc)]22 ) and Pd(OAcMO) under standard conditions. 
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Ryabo\\ and coworkers have shown that in the (earlier mentioned) stoichiometric reaction of the 

palladatedd anilide complex dimer [(C6H4NHC(0)CH3)Pd(II)(p-OAc)]; with styrenes. the rate-

limitingg step is the insertion of alkene into the palladium-carbon bond. We tested this dimeric 

ortAo-palladatedd anilide complex in the stoichiometric reaction with «-butyl acrvlate (Figure 4). 

Thee reaction using the preformed complexes does not show a significant incubation period, in 

contrastt to the in situ generated catalysts, which does exhibit a short incubation period (ca. 8 

minutes)) before gaining catalytic activity. These results also support a reaction pathway via slow 

clectrophilicc attack of cationic [PdOAc"]" species on the /r-system of the arenes. The proposed 

mechanismm is depicted in Scheme 5. 

[Pd(OAc)] ] 

O O 
Pd d 

oUo o 

H H 

rTVV V 
CfHP P 

** Pd 

OyO O 

7T 7T 

P P 
Pd d 

olio o 

deprotonation n 
-H H 

~1 ~1 I I 

O O 

Pd d 

olio o 
arenium-ion n 

Schemee 5. Proposed mechanism for the C-H activating step of anilides via clectrophilic attack of 

Palladiumm on the aromatic ring (for simplicity only monomeric Pd-spccies are depicted). 

7.. 3 Conclusions 

Wee have shown that the palladium-catalysed oxidative coupling of anilides with alkenes 

throughh C-H bond activation, producing arylalkenes. is feasible and can be carried out selectively 

underr very mild conditions. Application of oxygen as the oxidant is possible, resulting in a waste-

freefree Heck-type coupling reaction. Although the scope is somewhat limited so far to activated 

areness and alkenes. and relatively high palladium loadings and media of high acidity are required. 
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thee huge potential of this type of coupling has heen shown The results presented in this chapter 

strongKK suggest that the reaction occurs through an electrophilic actuation mechanism. Within this 

mechanism,, the electrophilic attack on the /r-system of the arene is rate-determining. However, 

somee aspects of the reaction, such as the lack of reactivity for some substrates, remain puzzling and 

requiree further detailed mechanistic research. Intension of the scope towards other substrates and 

thee intramolecular \anant of the reaction, which would produce valuable mdole-derivatives. is 

highlyy desirable. 

7.44 Experimental Section 

Generall  Information . Experiments were earned out under air atmosphere using magnetic 

stirringg unless otherwise noted. Solvents were obtained from commercial suppliers and used 

withoutt further purification. //-Butvlaerv late was purchased from Aldrich and used as received. 

Anilidess were obtained from commercial suppliers (Acros) or synthesised by reaction of the 

correspondingg aniline with acetic anhydride. [((C'.(;y-2-C„H4\HC{0)CH,)Pd(ll)(^-()Ac)]: was 

preparedd as reported by Fujiwara.1"4' 'l l NMR spectra were recorded on a Varian Mercury 300 

(300.11 MHz) spectrometer in CDCE and are reported in ppm using tetramethylsilane as external 

standard.. Data are reported as follows: (b broad, s singlet, d - doublet, t - triplet, q quartet, m 

multiplet;; integration: coupling constant(s) in 11/: assignment). 'C NMR spectra were recorded 

onn the same spectrometer (75.5 MHz) in proton decoupled mode. GC' measurements were 

performedd on a Shimadzu GC-17A. equipped with a F.I.D. detector and a BPX35 column with an 

internall  diameter of 0.22 mm and a Film thickness of 0.25 urn. GC MS measurements (H.I. 

detection)) were performed on a HP 5890 5971 apparatus, equipped with a ZB-5 column (5"o cross-

linkedd phenvl polysiloxane) with an internal diameter of 0.25 mm and film thickness of 0.25 urn. 

Meltingg points were measured on a Gallenkamp melting point apparatus and are uncorrected. 

Elementall  analyses were performed at the Department of Microanalysis at the Rijksuniversiteit 

Groningen.. The Netherlands. 

Parallell  Screening Experiments. Rapid screening experiments were carried out by using a 

commerciallyy available automated parallel synthesis Chemspeed ASW 2000 apparatus. The 

reactionss were performed under an inert atmosphere of nitrogen. Each reaction vessel was charged 

withh 0.02 mmol ( 1 mol°u) of the desired catalvst. 0.25 ml. of dihexvlether as internal standard and. 

il'required.. 216 mg (2.0 mmol) of ben/oquinone <BQ). followed by 2.0 mL of a stock solution of 

thee aniline-substrate (1.0 M) in the desired solvent. Next, the alkene was added (2.0 mmol). the 

reactionn mixture heated to SO ( and subsequently stirred under vortex agitation tor \b hrs. 
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Sampless of the resulting reaction mixtures were diluted with hexanes and analyzed by GC MS. See 

Figuree 5 for details on the reactions screened. 

Generall  Procedure for  the Coupling of Acetanilide Derivatives with /r-Butylacrylate . In a 

typicall  experiment, anilide (3.0 mmol). 13.5 nig (0.06 mmol) of Pd(OAc):. 324 mg (3.0 mmol) of 

BQQ and 286 mg (1.5 mmol) of /Moluenesulfonic acid monohydrate were weighed into a one-neck 

roundbottomm flask charged with a stirring bar. Next. 4.5 mL of acetic acid was added, followed bv 

aa solution of 0.42 mL (3.0 mmol) /7-butylaerylate in 2.25 mL of toluene. The flask was capped with 

aa rubber septum, and the mixture stirred overnight. Aliquots of the mixture were taken and diluted 

inn diethyl ether, washed with a saturated NaHCOvsolution. dried over MgSCC. followed by GC or 

GCC MS analysis. After 16 hrs.. the reaction mixture was diluted with 1 5 mL of ether, and carefully 

neutralizedd with a 2.5 M NaOH solution. After extraction of the aqueous phase with 15 mL of 

ether,, the combined organic phases were washed with water (15 mL), dried (MgSC)4) and 

evaporatedd in vacuo. The resulting solids were purified by column chromatography to vield the 

correspondingg product as a white powder. Recrystallization provided analytically pure product 

(exceptt for 15). 

(£>3-(2-acetylamino-phenyi)-propenoicc acid butyl ester  (4). H NMR (300 MHz. CDCL): 5 

7.800 (d. IH.,7- 15.7 Hz. olcfinic H). 7.73 (d. 1 H.J =8.4 Hz. ArH). 7.54 (d. 1 H.,/= 7.8 Hz. ArH). 

7.40-7.377 (m. 2H, ArH). 7.20 (m. 1H. ArH). 6.39 (d. !H../ = 15.7 Hz, olcfinic H). 4.19 (t. 2H.,7 = 

6.66 Hz. C(0)OC//:), 2.22 (s, 3H, NHC<0)C7/,). 1.71-1.62 (m. 2H. OCH2C//:). 1.45-1.42 (m. 2H. 

CH:C7/:CH;).. 0.95 (t. 3H. J = 7.5 Hz, CH;CH:C7/,). (The N-/Z resonance is not observed); 'T 

N.MRR (75 MHz, CDCL): 5 169.2. 167.2. 139.5. 136.1. 131.0. 127.9. 127.3. 126.2. 125.6. 120.8. 

64.9.. 30.9, 24.4. 19.4. 14.0. Mp: 86 °C. Calcd. (%) for C.H^.NO,: C 68.94. H 7.33. N 5.36: found: 

CC 68.96. H 7.40. N 5.34. 

(£)-3-(2-acetylamino-5-methvlphenyl)-propenoicc acid butyl ester  (13). H NMR (300 

MHz.. CDCL): 5 7.76 (d. 1H.7- 16.0 Hz. olcfinic H). 7.65 (bs. 1 H. \-H). 7.55 (d. lH.J=8.2Hz. 

ArH).. 7.36 (s. I H. ArH). 7.19 (d, 1 H. J= 8.2 Hz. ArH). 6.38 (d. \\\.J= 16.0 Hz. olcfinic H). 4.19 

(t.. 2H. . /- 6.6 Hz. C(O)OW). 2.33 (s. 3H. NHC(O)C^). 2.14 (s. 3H. ArCY/,). 1.70-1.63 (m. 2H. 

OCH:C//:).. 1.46-1.38 (m. 2H. CH;C//;CTL). 0.96 (t. 3H. .7 = 7.3 Hz. ClbOLCTA): |;'C NMR 

(75.55 MHz. CDCL,): 5 169.5. 167.3. 139.9. 136.0. 133.7. 131.8. 128.3. 127.5. 126.1. 120.1.64.8. 

30.9.. 24.1. 21.2. 19.4. 14.0. Mp: 97 SC. Calcd. (%) lbrC,hH:.NO,: C 69.79. H 7.69. N 5.09: found: 

CC 69.65. II  7.82. N 5.08. 

(£)-3-(2-acetylamino-4-methylphenyl)-propenoicc acid butyl ester  (14). H NMR (300 MHz. 

CDCL):: 5 7.95 (bs. 1H. N-/Z) 7.74 (d. HI../= 15.9 Hz. olcfinic H). 7.40-7.35 (m. 2H. ArH). 6.94 

(d.. 111. J - 8.0 Hz. ArH). 6.27 (d. HI. ./ = 15.9 Hz. olcfinic H). 4.12 (t. 2H. ./ = 6.6 Hz. 
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C(0)0C7/: ) .. 2.27 (s. 3H. NHC(O)CTA). 2.15 (s. 3H. ArC'/A). 1.64-1.59 (m. 2H. 0CH:C7/;) . 1.40-

1.355 (m. 2H. CH;C7/:CH,). 0.91 (t. 3H.7 = 7.3 Hz. CH;CH;C77-.): X' NMR (75 MHz. CDC1,): 5 

169.4.. 167.4. 141.7. 139.6. 136.0. 127.2. 127.0. 126.2. 125.2. 119.4. 64.8. 30.9. 24.3. 21.7. 19.4. 

14.0.. Mp: 127-128 X'. Calcd. ("ui for C„,H;:NO,: C 69.79. H 7.69. N 5.09: found: C 69.77. H 7.74. 

NN 5.08. 

(£)-3-(2-acetylarnino-3-methylphenyl)-propenoicc acid butyl ester  (15). H NMR (300 MHz. 

CDC10:: S 7.79 (d. 1H. 7 = 15.9 Hz. olefmic H). 7.74 (bs. IH. X-H). 7.30-7.22 (m. 311. Aril) . 6.38 

<d,, IH. 7 - 15.9 Hz. olefmic H). 4.18 (t. 2H. 7 = 6.5 Hz. C(0)OC77:). 2.30 (s. 311. NHC(0)C77;). 

2.200 (s. 3H. ArCT/O. 1.71-1.67 (m. 2H. OCH:C77:). 1.46-1.39 (m. 2H. CH;C77:CH,). 0.95 (t. 3H.7 

== 7.4 Hz, CH2CH;C7/,): !"C NMR (75.5 MHz. CDCh): 5 168.8. 167.3. 140.7. 136.8. 134.7. 130.7. 

129.9.. 127.9, 123.9. 120.0. 64.7. 30.9. 23.3. 19.4. 18.6. 14.0. Compound contains a significant 

amountt of starting compound (6). which could not be separated from the product. 

{F)-3-(2-acetylamino-5-methoxyphenyl)-propenoicc acid butyl ester  (16). H NMR (300 

MHz.. CDClO: 5 7.75 (d. IH. 7 = 15.7 Hz. olefmic H). 7.48 (d. IH. . J= 8.8 Hz. Aril) . 7.08-7.05 

(m.. 2H. S-H and ArH overlapping). 6.95-6.91 (m, IH. ArH). 6.38 (d. 1H.7= 1 5.7 Hz, olefinie H). 

4.199 (t. 2H. 7= 6.6 Hz. C(0)OC77:). 3.80 (s, 3H. OCH,), 2.20 (s, 3H, NHC(0)C7/,), 1.69-1.61 (m. 

2H.. OCH2CH2). 1.46-1.38 (m. 2H. CH2C//?CH,), 0.92 (t. 3H. 7 = 1A Hz. CH:CH:C//;): "C NMR 

(755 MHz. CDCh): 5 169.8. 167.1, 157.9. 139.7. 130.4, 129.3. 128.2. 120.5. 117.0. 111.3. 64.8. 

55.8.. 30.9. 23.9. 19.4. 14.0. Mp: 128-129 °C. Calcd. (%) for C,f ,H;,N04: C 65.96. H 7.27. N 4.81; 

found:: C 66.04. H 7.29. N 4.85. 

(/r)-3-(2-benzoylamino-phenyl)-propenoicc acid butyl ester  (20). H NMR (300 MHz. 

CDCh):: 5 8.04 (bs. IH. N-/Z). 7.88-7.81 (m. 4H. ArH + olefmic H). 7.59-7.38 (m. 5H. ArH). 7.25-

7.200 (m. IH, ArH), 6.40 (d, I H . . / - 1 5.9 Hz, olefmic H). 4.13 (t. 2H.7 = 6.6 Hz, C(0)OC//:) . 1.65-

1.588 (m. 2H. OCH:C7/2). 1.41-1.33 (m. 2H. CH:C7/CH.0. 0.90 (t. 3H. 7 = 7.2 Hz. CH:CH;C7/0: 

|;,CC NMR (75 MHz. CDCI,): Ö 167.0. 166.3. 139.4. 136.1. 134.4. 132.4. 131.0. 129.1. 128.4. 127.5. 

126.3.. 125.6. 121.1. 64.8. 30.9. 19.4. 14.0. Mp: 145 JC. Calcd. (%) for C U ^ N C h: C 74.28. H 

6.55.. N 4.33: found: C 73.98. H 6.48. N 4.40. 

Kineti cc Competition Experiments. These were performed as described above for the general 

catalysiss procedures, but with a total Pd-loading of 34 mg (0.15 mmol: 5 mol0»), eq ui mo I ar 

amountss of competitive substrates (3.00 mmol in total) and at a reaction temperature of 40 'C. The 

conversionn in acetanilide was determined by GC MS using dihexylether as internal standard. 

Deuteriumm Incorporatio n Experiments. These were performed as described above for the 

generall  catalysis procedures, but in CH.COOD instead of CH-.COOH and without the addition of 

thee alkene. The resulting reaction mixture was stirred for 24 hours at room temperature. After 
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standardd workup, the mixture was analysed by GC MS. No increase in the ion peaks belonging to 

mono-- or dideutcrated amide was observed w ithin experimental error. 

BQQ added 

noo BQ added 

BQQ added 

noo BQ added 
(exceptt vial 32) 

211 3 22 21 3 22 21 3 

JJ I  I  J I I I I 
catalyst: : 

H H D O O O O OO via, 1-12, 31-32: 
Pd(OAc), , 

0 D D O O o o © © 
222 21 3 22 21 3 22 21 

II J I I i J i I 
17) 17) 

viall 13-18: 
[Ru(p-cymene)CI2]2 2 

viall 19-24: 
Ru3(CO),2 2 

viall 25-30: 
Ru(PPh3)3CI2 2 

244 23 244 23 3 

BQQ added 

noo BQ added 

BQQ added 
(exceptt vial 63) 

noo BQ added 

@@ Hi [ 
DD D D 

O O 

244 23 244 23 

viall 33-45: 
Pd(OAc)2 2 

viall 45-50: 
[Ru(p-cymene)CI2]2 2 

J i l l l 

21/ / 
n-butyll acrylate 

viall 51-56, 63-64: 
Ru3(CO)12 2 

viall 57-62: 
Ru(PPh3)3CI2 2 

== acetic acid as solvent 

( JJ = NMP as solvent 

AA = toluene as solvent 35 = C-H activation coupling product detected by GC/MS 

alkenee in all cases is styrene. unless otherwise noted 

21 1 22 2 

OMe e 

23 3 

NH2 2 

Figuree 5. Schematic overview of the experimental set-up of the rapid-screening experiments 
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