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CHAPTERCHAPTER 3 

Fastt Palladium-Catalysed Arylation of Alkenes using Bulky Monodentate 

Phosphoruss Ligands; Kinetics and Mechanism' 

Abstract t 

Thee application of bulky monodentate phosphoramidite ligands such as 2b {.Y,.Y-

diisopropylamino-2.2"-di-^j/v-butyl-4.4*-dimcthoxybisphenoxyy phosphite) gives rise to highly 

activee palladium catalysts for the Heck reaction of aryl iodides with styrencs or acrylates under 

mildd conditions. The complex [Pd(2b)(Ph)(,U-Br)]2 (9a) was synthesised and isolated as a possible 

intermediatee of the catalytic reaction and it was shown to exist mainly as a dimer. both in solution 

andd in the solid state. From kinetic studies performed by the initial-rate method on the model 

reactionn of iodobenzene with styrene. it followed that the reaction shows a first order dependence 

onn the styrene concentration and a half order dependence on the catalyst concentration. These 

resultss indicate a mechanism in which the dimeric complex functions as the resting state of the 

catalyst,, which is in rapid equilibrium with its monomeric form. The monomer, which is present in 

onlyy very low concentrations, subsequently reacts in the rate-determining step of the catalytic 

reactionn with styrene. Based on the electronic dependence of the reaction, i.e. application of 

electron-richh styrenes and electron-poor aryl iodides results in a decreased reaction rate, it is 

proposedd that the migratory insertion of the alkene into the Pd-aryl bond is the slow step of the 

catalyticc cycle. A wide variety of aryl iodides and aryl bromides can be coupled with electron-poor 

alkeness in polar, aprotic solvents in good yields. In apolar non-coordinating solvents the reaction is 

extremelyy fast, but the stability of the catalyst under these conditions is lower. 

Partt of this work has been published: Gmo P. F. van Strijdonck. Maarten D. K. Boele. Paul C. 

J.. Kamer. Johannes G. de Vries. Piet \\ . N. M. van Leeuwen. FAIV. J. Inovg. Chem. 1999. 1073-

1076. . 



Chap!erChap!er 3 

3.11 Introductio n 

Thee palladium-catalysed arylation of alkenes. also known as the Heck-Mizoroki reaction, has 

emergedd as an extremely powerful and versatile tool for the construction of new carbon-carbon 

bonds.'""  ' The mam advantage of the Heck reaction is its compatibility with a broad range of 

substituentss in the substrates. Nevertheless, it also suffers from some drawbacks. Among these are 

catalystt instability, the reluctance of the cheap and abundant aryl chlorides to react, the high 

temperaturess that are required m many cases and the waste stream that is created by the formation 

off  the equimolar amount of salt in the reaction. During recent years, enormous progress has been 

reportedd within these areas by the development of new procedures and novel catalysts. ""' 

Phosphmee ligands are the most frequently employed auxiliaries in Heck coupling reactions. 

Variationn of the metal environment is often accomplished by change of the phosphines applied. 

Bellerr and Herrmann reported on the use of fj/7/70-palladated complexes derived from rri-ortho-

tolyiphosphine.. M " ' These systems have been shown to give rise to high activities towards electron-

richh bromides and aryl chlorides in polar solvents at elevated temperatures. The palladacycles 

exhibitt high stability and turn-over numbers exceeding 10'' have been achieved. More recently, the 

usee of bulky monodentate alkylphosphines. e.g. P(/-Bu),, has been demonstrated to yield catalysts 

thatt are capable of converting aryl chlorides under milder conditions. '' '"' 

Thee application of non-phosphine containing catalysts has been less-widely studied. In a limited 

amountt of papers the use of bidentate nitrogen ligands has been described1'4"" " and mixed 

phosphorus-nitrogenn ligands have been successfully applied in enantioselective Heck reactions.'' 

; ' '' Recently. .V-heterocyclic carbenes have emerged as a promising class of auxiliaries for Heck 

reactions.. v "" C'yclopalladated complexes with donor moieties other than those stemming from 

P(fj-Tol);,, are also capable of catalysing the Heck coupling, such as imines. phosphites and 

phosphonites.'""  However, the nature of the catalytically active species in these systems has not 

beenn unambiguously determined vet. and probably does not involve active species in which the 

palladacyclee remains intact. ' 'v '"' '' Recently, the use of monodentate phosphites in the 

activationn of aryl chlorides has been reported.'"," " but high temperatures and high ligand-to-

palladiumm ratios are required in this procedure. 

Phosphoramiditess form a unique class of ligands. that have proven their usefulness in several 

catalyticc reactions. '4" Their electronic properties, expressed in ^-values.' s are in between those 

off  phosphines and phosphites, while the substituents on nitrogen enable the steering of the stenc 

bulkk in proximity of the phosphorus ' ! From the previous chapter in this thesis it can be 

concludedd that large bite angle bidentate diphosphine ligands do not give ver\ active catalysts for 

applicationn in palladium-catalysed Heck reactions, and that monodentate ligands are likely to be 

involvedd in the cataUticaily more active species. Therefore, phosphoramidites and other 

monodentatee phosphorus ligands are interesting candidates as ligands in the Heck reaction. In this 
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chapter,, we present the results we obtained from our studies in this field, including unprecedented 

kineticc studies that give important insight into the mechanism of the Heck reaction using these 

catalysts. . 

3.22 Results and Discussion 

3.2.11 Li«and screening. As a model reaction to study the electronic and steric ligand properties 

2bb 2c 

3aa 3b 3c 

Figuree 1. Monodentate ligands used for initial screening experiments. 

thatt play a role in the Heck reaction, we selected the reaction of iodobenzene with styrene in 

acetonitrilee and triethylamine as the base at 80 °C, using 1 mol % of palladium catalyst (see 

Schemee 1). This model reaction can give rise to three different Heck-type products: (£)-stilbene 

(6).. (Z)-stilbene (7) and 1.1-diphenylethene (8). The ligands tested are depicted in Figure 1 and 

differr systematically in their electronic and steric properties, following the order e > b > a in 
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decreasingg steric bulk and 3 > 2 > 1 in decreasing basicity. For initial screening, we applied 

Pd(dba);; together with 2 equivalents of the appropriate ligand and allowed a short incubation time 

(155 minutes) to form the catalyst.""'"""1 The results obtained after 45 minutes reaction time are 

presentedd in Tabic 1. 

Thee use of Pd(dba); and Pd(OAc); without an additional ligand resulted in low conversion and 

thee formation of palladium black under these reaction conditions (entries 1-2). In most cases, the 

applicationn of non-bulky ligands l-3a did not result in significantly higher yields. Use of the very 

bulkyy ligands l-3c also did not result in good conversions. However, upon employing ligands b. 

veryy fast reaction occurred, even resulting in complete conversion within the reaction time for 

ligandd 2b. The main product obtained was (£>stilbene (90 %), together with a minor amount of the 

1,1-substitutedd product (9 %) and traces of (Z)-stilbene. In most eases, the formation of a trace of 

biphenyll  as a side-product was also detected (< 0.5 %). The selectivity is relatively insensitive 

towardss the nature of the ligand used, and only a slight increase in the formation of 1,1-

diphenylethenee was observed when the most bulky ligands (l-3c) were used. Within a series of 

ligandss with comparable steric bulk the order of reactivity found was phosphoramidites (2) > 

phosphitess (3) > phosphincs (1). For the phosphoramidite-based systems, the catalyst containing 

ligandd 2b gave the fastest reaction. In the phosphine and phosphite series a similar trend could be 

observed,, viz. b > a > c (see Table 1). 

Pd(dba)2/22 L 

800 C 

44 5 6 7 8 

Schemee 1. Model reaction of iodobenzenc with styrene. 

Applicationn of more equivalents of ligand had a detrimental effect on the reactivity, except for 

ligandd 2b. In this case, the addition of extra ligand did not change the reaction profile. This result 

suggestss that the active species contains only one ligand coordinated to palladium, and that the 

formationn of this catalyst is relatively fast under the conditions employed (vide infra). Palladacycle 

100 (see Figure 2) was also tested, but it appeared to be only moderately effective. Probably the 

formationn of the active species from the dimeric precursor is slow under these conditions.' '4I' 

5S S 



FastFast Heck Reactions using Phosphoramidites 

Tabicc 1. Heck reaction between iodobenzenc and styrene in acetonitrile at 80 °C" 

entryy catalyst conversion (%) (E)-stilbene (6) (Z)-stilbene (7) 1,1-

(%)) (%) diphenylethene 

(8)) (%) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

0 0 

10 0 

11 1 

12 2 

Pd(OAc): : 

Pd(dba)2 2 

Pd(dba);; la 

Pd(dba);; l b 

Pd(dba)2// l c 

Pd(dba)ww 2a 

Pd(dba)2/2b b 

Pd(dba)2/2c c 

Pd(dba)2/3a a 

Pd(dba)2/3b b 

Pd(dba)2/3c c 

Pd(dba)22 / 10 

5 5 

7 7 

6 6 

12 2 

1 1 

IS S 

>99 9 

6 6 

8 8 

4S S 

6 6 

8 8 

90 0 

oo o 

00 0 

00 0 

89 9 

90 0 

0! ! 

88 8 

90 0 

90 0 

85 5 

00 0 

1 1 

<< 1 

<< 1 

<< 1 

<< 1 

<< 1 

<< 1 

•• 1 

'' 1 

•• 1 

'' 1 

<< 1 

0 0 

9 9 

9 9 

9 9 

10 0 

0 0 

8 8 

11 1 

9 9 

9 9 

14 4 

9 9 

"" conditions: Pd(dba)2 < ligand / 4 / 5 / triethylamine = 1 / 2 / 100 110 110. for further details 

seee experimental section. " based on 4. determined after 45 minutes by GLC. 

3.2.22 Complex Synthesis and Characterisation. Since palladium(II)(aryl) complexes arc 

likelyy to be intermediates in the catalytic cycle, we prepared palladium complex 9a containing 

phosphoramiditee 2b as the ligand. Reaction of Pd(dba)2 with two equivalents of 2b in the presence 

off an excess of bromobenzene in toluene resulted in the formation of 9a in food vield 'Scheme 2 ; 

Thee elemental composition of 9a, together with the integration in the 'H NMR spectrum, suggests 

thatt it consists of a palladium centre surrounded by one aryl. one halide anion and one 

phosphoramiditee ligand. Osmometric molecular mass determination in dichloromethane indicated 

thatt compound 9a mainly exists as a dimeric species in solution (M„ = 1400  200). Solid state 

XAFSS measurements also suggested a dimeric structure. The P NMR spectrum of 9a showed only 

Pd(dba)22 + 2b + PhBr - ^ / " - p d ' P d 

toluenee f Br 

9a::  L = 2b (81 %) 

Schemee 2. Synthesis of complex [Pd(2b)(Ph)(Ju-Br)]2. 

T) ) 
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onee broad resonance at 5 1 18.3 (CDCli) at room temperature. This suggests the existence of a fast 

equilibrium,, presumabl) between the trans and cis isomers of complex 9a. Similar equilibria have 

beenn observed for other dimeric palladium complexes containing monodentate ligands. ~ Upon 

coolingg to 240 K decoalescence occurred, resulting in two signals at 8 1 19.X and 117.5 in an 

approximatee 4:3 ratio. Based on steric arguments and in analogy with the literature.4"' -l we 

proposee that the major species has a trans geometry with respect to the two bulky phosphoramidite 

ligands.. In acetonitrile, only one sharp singlet was observed at ó 122.3 in a temperature range of 

255-3355 K. Apparently, the cis trans isomcrisation is faster in solutions containing polar solvents. 

Possibly,, the ability of acetonitrile to coordinate to palladium also plays a role herein. Complex 9a 

showss good stability in the solid state, but in solutions of non-polar solvents the compound 

decomposess slowb to gi\e palladium metal and several unidentified phosphorus-containing 

products.. In polar, coordinating solvents like DMF (.Y,.Y-dimethylfonriamide) or NMP (.V-

methylpyrrolidinone),, this decomposition process was found to be slower. 

3.2.33 Kinetic Studies. Despite its importance, very few detailed kinetic studies on the Heck 

reactionn have been reported that include the entire catalytic process. l''~ ' To obtain further insight 

intoo the mechanistic details of the Heck reaction catalysed by palladium and phosphoramidite 2b. 

wee performed a kinetic study. Since it is known that the presence of coordinating ligands from the 

pre-eatalvstt (e.g. dba when Pd(dba); is used as the palladium precursor) can interfere with the 

intermediatess involved in the catalytic cycle,'39' lu| we employed complex 9a as the catalyst. For 

comparison,, we also included [Pd((o-Tol)3P)(Ph)(^-Br)]2
[42'48] (9b) in this in study. It has been 

proposedd that these dimeric species are formed after oxidative addition of the aryl halide to 

monophosphinee palladium(O) species [R3P-PdX„]"~ during the catalytic reaction when 

^ \\ (p-Tolfe I 

\ ^^ I (o-Tol)2 

9a:LL = 2b 10 
9b:: L = 1b 

Figuree 2. Dimeric Pd(ll) complexes 9 containing bulky ligands and Herrmann's catalyst (10) 

phosphapalladacycless are employed as the catalyst. ' ' I o obtain the dependency of the 

reactionn rate on the reactant concentrations, we studied the initial rate in the reaction of 

iodobenzenee with styrene catalysed by complexes 9 at 65 °C while systematically varying the 

initiall concentrations of the reactants. The results are presented in Figures 3 and 4. 
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Thee initial rate of the reaction was found to be independent of the concentration of iodobenzene 

(overr the range of 0.10 2.0 M studied) and the concentration of triethylaminc (0.16 - 2.5 VI) (not 

shown).. A linear dependence was found for the initial reaction rate (expressed in the initial turn-

oxerr frequency TOFmi determined after 5 minutes) on the styrenc concentration (0 - 4.0 M. see 

Figuree 3). Remarkably, the reaction rate increased linearly with the square root of the palladium 

concentrationn (0 - 4.0 mVI. see Figure 4). When using palladium concentrations below 4.0 mM for 

9aa and conversions that do not exceed 70 %, no decomposition of the catalyst is observed, resulting 

inn well-defined pseudo first order kinetics during a large part of the reaction. This is illustrated by 

thee linear correlation between the logarithm of the conversion and the reaction time (Figure 5). 

17500 r 

15000 E 

T -- 1250 

|| 1000 
73 3 
ÊÊ 750 

OO 500 
h--

250 0 

0 0 

00 1 2 3 4 5 
[styrene]] (M) 

Figur ee 3. Plot of initial rate (TOFlnl: amount of products formed per mol palladium per hour 

determinedd after 5 minutes) vs. the styrene concentration for the reaction of iodobenzene with 

styrenee in CFFCN at 65 °C catalysed by complex 9a (•) and complex 9b (•) . 
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10.0 0 

22 3 
[Pd ] 1 2 (mM 11 2" 

Figur ee 4. Plot of the initial reaction rate ((/[products] la\ determined after 5 minutes) vs. the square 

roott of the palladium concentration for the reaction of iodobenzene with styrene in CIIX'N at 65 °C 

catalysedd by complex 9a (•) and complex 9b (•) (D denotes the observed formation of palladium 

metal). . 

timee (s" ) 

20000 4000 6000 8000 

Figur ee 5. Logarithmic plot of the conversion of iodobenzene vs. tunc in a typical experiment using 

9aa as the catalyst in the reaction with styrene in C'lfX'N at 65 °C. 
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base-HX X 

Schemee 3. Postulated catalytic cycle for the Heck reaction using bulky monodentate liaands. 

Thee kinetic results can be rationalised as follows. The zero-order dependence in iodobenzene 

indicatess a catalytic reaction in which the oxidative addition is fast under the conditions employed. 

Thiss is in contrast to the common belief that the oxidative addition is the rate-determining step in 

thee Heck reaction.'41"'"' Assuming that the elimination reduction step is base-assisted (vide infra). 

thee independence of the observed reaction rate on the concentration of triethylamine implies that 

thiss elementary reaction is also fast in our model system. The observed first-order rate-dependence 

onn the alkene concentration clearly shows that styrene is involved in the turn-over limiting step of 

thee cycle. This implies that either the alkene coordination to palladium or the subsequent insertion 

off the alkene into the Pd-aryl bond is slow. Since the latter process is likely to be reversible, these 

twoo steps cannot be distinguished based on the present kinetic results. The observed linear 

correlationn between the reaction rate and the square root of the catalyst concentration is indicative 

off an equilibrium between a dimeric form of the complex and the monomeric isomer. This 

monomerr is the catalytically active species. When it is assumed that the equilibrium is shifted 

mainlyy towards the side of the dimer (k.\ » A:. Scheme 3), and that the rate of equilibration is 

muchh higher than the rate of reaction of the monomer with the alkene (A; [alkene] '•" A;). the overall 

reactionn rate is expected to show a half order dependence on the catalyst concentration (rate -

A:A''' ~[alkene][Pd]" with K = k, A\|). This is indeed what is observed in the kinetic experiments. 

Thee data obtained with NMR spectroscopy (vide supra), that show that the dimer is the main 

speciess present and that the cis trans isomerisation (that might proceed through a monomelic 

complex)) is rapid, support the feasibility of the conditions necessary for a square root dependence 
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onn the eatalvst concentration. From the kinetic results it can he concluded that the same 

mechanisticc arguments hold for the [Pd((o-TolhP)<Ph)(;/-Br)]: (9b) catalyst. Recently. Pfaltz and 

Blackmondd reported kinetic studies involving more sophisticated kinetic modeling methods using 

palladacveless as the catalyst.^ ' Their results confirmed our conclusions, i.e. the oxidative 

additionn product acts as a dimenc resting state from which the monomerie complex is formed in 

smalll quantities and reacts relatively slowly with the alkene. The traditional catalytic cycle of the 

Heckk reaction should therefore be adjusted for the svstems applied in our studies as depicted in 

Schemee 3. In the new mechanism, the oxidative addition takes place to a coordinate elv unsaturated 

palladiumm intermediate. The resulting monomerie Pdlarv IMhalide(-complex is in rapid equilibrium 

withh the corresponding dimer. Alter coordination of the alkene to the monomer, followed by slow 

insertion,, the mechanism can proceed through the commonly accepted reaction sequence. Rotation 

aroundd the carbon-carbon bond takes place to form a complex with a syn arrangement between 

palladiumm and the h\drogen atom that is eliminated. This p-\\ elimination is possibly assisted by 

thee base, and Yields the product and a coordinatively unsaturated palladium!I)I species that can 

activatee a new aryl iodide molecule. 

Extensionn of the kinetic studies towards other substrates, e.g. aryl bromides, proved to be less 

straightforward.. For example, the determination of the initial rates in the reaction of bromobenzene 

andd stvrene under the same conditions applied for iodobenzene was hampered by the fact that the 

formationn of palladium precipitate occurred before reliable data could be obtained, 'the same 

observationss were made when the more reactive «-butyl acrylate was applied as the alkene with 

bromobenzenee in NMP. However, the addition of one extra equivalent of ligand to the reaction 

mixturee inhibited the rapid catalyst decomposition sufficiently to determine initial rates in this case. 

Fromm the results of the experiments carried out with additional ligand at SO C'. it followed that in 

thee reaction of bromobenzene with //-buty! acrylate the conversion followed an approximate first 

orderr in the palladium concentration emploved (not shown). This is in contrast to the order half 

foundd when iodobenzene and stvrene were used as the substrates. Furthermore, the reaction 

exhibitedd a small positive order I 0.3) in bromobenzene at low bromobenzene concentrations, 

togetherr with a small, non-constant negative order in the alkene. More importantly, when high 

concentrationss of the aryl halide were applied (> 1.0 M). the overall reaction profile followed a 

zerothh order dependence, i.e. the rate of reaction remained constant over a large part of the reaction 

stagee (Figure 6). These results support a catalytic cycle in which the oxidative addition is involved 

inn the slow steps of the reaction. A shift m the rate-determining step from the insertion step towards 

thee oxidative addition is not unexpected, since bromobenzene is less activated tor oxidative 

additionn than iodobenzene. while electron-poor acrv kites give faster insertion than stvrene. 

However,, from the observed broken order in bromobenzene and the (small) mversed dependence 

onn the alkene concentration it is clear that more processes are involved in this case, such as 
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competingg equilibria between the alkene and the ligand in coordinating to the metal centre before 

oxidativee addition occurs. Similar interference of the nucleophile in the oxidative addition has been 

observedd by Amatore and Jutand et al.'M' 

00 5 10 15 20 

tt (min.) 

Figuree 6. Reaction profile for the initial stage of the reaction of bromobenzene (• 0.17 M; • 0.47 

M;; O 1.01 M) with «-butyl acrylate (0.30 M) at 80 °C in NMP. 

Fromm the initial screening and kinetic study it can be concluded that both the steric and 

electronicc properties of the ligands employed in the Heck reaction play a crucial role in 

determiningg the activity of the catalyst. When the steric bulk is large enough, mono-coordination is 

enforced,, since the steric crowding does not allow the coordination of a second ligand during 

catalysis.. This renders the metal centre coordinatively unsaturated, resulting in rapid overall 

reaction.. Recently. Brown and coworkers studied the influence of the steric bulk of phosphines on 

thee oxidative addition reaction.52] They found, similar to the earlier work of Hartwig.- '' that 

differentt reaction pathways exist, yielding mononuclear and. or dimeric species, and that the exact 

outcomee of the reaction exhibits extreme sensitivity to the steric environment of the metal 

centre. . 

Withinn our model studies, ligand 2b apparently possesses the optimal steric and electronic 

ligandd properties for fast reaction. The use of bulkier ligands (lc) retards the reaction (see section 

3.2.1.),, while the use of smaller ligands also results in slower catalytic reaction. When an excess 

(moree than two equivalents) of the relatively small phosphoramidite la is reacted with Pd(dba); in 

acetonitrile,, a singlet for the free ligand together with two doublets (8 161.9 and 163.9. ~J?.? = 84 

Hz)) are observed. Wc assign this to a L;Pd(dba) complex, in which two phosphoramidite ligands 

aree coordinated to the metal centre. The formation of similar species is well known for non-bulky 

monodentatee triaryl phosphine ligands. "' "51 Addition of iodobenzene to this complex resulted in 

sloww reaction, with the formation of several unidentified species. In contrast, after the reaction of 
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ann excess of 2b with Pd(dba); under similar conditions, no signals could be observed in the P 

N'MRR spectrum. Probably, the resonances are too broad to observe at room temperature. The 

resultingg complex decomposes slowly in solution to palladium metal, with the concomitant 

formationn of uncoordinated ligand and several unidentified phosphorus-containing species. 

Additionn of iodoben/ene to the Pd(0) complex results in the rapid formation of the anticipated 

iodide-bridgedd palladium(ll) dimer with the structure analogous to 9a. as indicated by the 

appearancee of a signal at a 1 19.4 in the P NMR spectrum. This demonstrates the importance of 

thee steric bulk of the ligand in enforcing mono-coordination and therefore resulting in fast 

oxidativee addition. 

Itt is clear from Figures 3 and 4 that the catalyst containing the bulky phosphine (9b) reacts at a 

lowerr rate than the complex modified with the bulkv phosphoramidite (9a). From this we can 

concludee that also the electronic properties of the ligand are important for a fast reaction. Since the 

oxidativee addition ts not the slow step of the cycle, the use of ligands having larger basicity does 

nott result in faster overall reaction. The observed ligand trend suggests that the alkene coordination 

orr insertion is faster when the palladium centre is less electron-rich. i.e. when catalyst 9a is used 

insteadd of 9b. When phosphites are employed, the reaction is less efficient again, which might be 

causedd by the fact that the oxidative addition in this case has become the slowest step. 

3.2.44 Electronic Dependence. Since the results of the kinetic study do not allow us to 

distinguishh between a rate-determining step involving the alkene coordination and the subsequent 

insertion,, we determined the influence of electronically modified aryl halides and styrenc 

derivativess on the outcome of the catalytic reaction. To this purpose, we tested the reaction of para-

substitutedd lodoben/enes 4 (/;-RG,H4l: R - CI. H. Me. OMc) and /7c//Y/-substituted styrenes 5 (p-

R'CJI.iCIICH;:: R' = OMc. Me. H. CF\) using phosphoramidite complex 9a as the catalvst in NMP 

att 50 ( . see Figures ~! and X. 

Thee rate of the Heck reaction shows a clear electronic dependence. Application of styrenc 

derivativess w ith increasing electron density on the olefmic double bond results in a slower reaction. 

Thus,, the observed order of reactivity is />-OMe-5 - />-Me-5 '' 5 -'• / '-CF.-5. The Hammett plot 

showss an approximately linear correlation between the Hammett (7-parameter and the relative 

reactionn rates, with p = 0.9. As commonly found in Heck reactions, the use of more electron-rich 

alkeness results in a decrease in the regioselectivity towards the (/T)-a!kene product in favour of the 

1.1-substitutedd product, but the effect is small within the series studied ((/:") (1.1 ) -• 8K : 12 for/>-

MeO-5).. ' In addition, the use of iodoben/enes containing electron-withdrawing stibstitucnts 

alsoo results in lower reaction rates, exhibiting the order /;-C'l-4 -"•' 4 - />-Me-4 •" ;>-OMe-4. No linear 

Hammettt plot is obtained in this case (figure X). 
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-00 -

0.7 7 
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Figuree 7. Hammett-Brown plot of the Heck reaction of iodobenzene with /;<:/ra-substituted styrene 

derivativess at 50 °C in NMP (tr-values were taken from reference 58). 

-0.4 4 

Hammettt a-value 

-0.22 0 0,2 

0,4 4 

0,2 2 

0 0 
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... . 
3-- -0,2 
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-0,4 4 

-0,6 6 

-0.8 8 

0,4 4 

Figuree 8. Hammett-Brown plot of the Heck reaction of/«//'«-substituted iodobenzene derivatives 

withh styrene at 50 °C in NMP (rj-values were taken from reference 58). 

Iff the alkene coordination were the slowest step in the catalytic cycle, an increasing electron-

densityy on the alkene moiety would enhance the overall reaction rate. This is because a more 

electron-richh alkene is better capable of coordinating to the electron-deficient palladium centre 

throughh the well-known donation back-donation mechanism of ^-electrons. ~M' However, this is 

nott in accordance with the electronic dependence of the reaction rate observed. This could imply 

thatt the migratory insertion is involved in the rate-determining step in the catalytic reaction 

sequence.. It has been suggested that the insertion process is best described as a concerted process, 

inn which the actual charge separation is very low.'11 This assumption is supported by theoretical 

calculations.'60'' '' Brookhart and coworkers have reported a systematic study on the electronic 
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effectss in the /3-alkyl migratory insertion reaction of styrene in metln lpalladium complexes."'1 

Theyy found that styrenes bearing electron-withdrawing substituents accelerated the migratorv 

insertion,, caused by destabilisation of the ground-state of the preceeding (rpstvrene(palladium 

complex.. Similar results were found in theoretical studies performed by Svensson et al. ' , : In earlier 

studies.. Cabri reported the higher reactivity of/?t/ra-substituted aryl tri Hates containing electron-

donatingg groups in the Heck reaction with vinyl butyl ether using Pd(OAc) : dppp as the catalyst.:"': 

Thee tact that the electronic dependence of the iodobenzenes in our studv does not vield a linear 

Hammettt correlation can be explained by assuming that changing the electronic properties of the 

aryll halidc does not only change the rate of insertion, but also the equilibrium value of the 

monomerr dimer equilibrium. Therefore, both the amount of active catalyst and its intrinsic 

reactivityy is affected by the electron-density in the aryl halidc substrate. In addition, it is possible 

thatt the oxidative addition step becomes involved in the overall reaction rate when using electron-

richh aryl halides. 

3.2.55 Scope of'th e Catalyst. To explore the potential of the new catalyst system 9a in the Heck 

reaction,, we varied several of the reaction parameters. The influence of the solvent on the catalyst 

performancee is represented in Table 2. 

Tabicc 2. Solvent effect on the Heck reaction ofiodobenzene with styrene catalysed by 9a at 80 °C 

entryy solvent TOFm/' yield' (E)-stilbene (Z)-stilbene l . l-

(mofmol/hr.)) (%) (6) <%) (7)(%) diphenylethene 

(8){%) ) 

<< 0.5 10 

<< 0.5 8 

•• 0.5 X 

<< 0.5 8 

<< 0.5 8 

<< 0.5 9 

<< 0.5 8 

<< 0.5 7 

<•• 0.5 8 

"Conditions:: as for Table 1. but with 9a (0.25 mol "») as the catalyst, see also the experimental 

section.. '' initial turn-over frequency, determined after 5 minutes. based on all products, 

determinedd after 3 hours by (il.C. ' 0.1 25 mol "o of 9a used. 1:1 ratio (v v ). ' 10:1 ratio (\ v ), "' not 

determined. . 

Thee solvent used for the Heck coupling between iodobenzene and styrene has an important 

influencee on the outcome of the reaction. Good conversions can be obtained when polar, non-protic 

1 1 

1 1 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

CHX'N N 

NMP P 

DMM F 

DMA A 

LtOAc c 

Toluene' ' 

Toluene e 

i-PrOH H 

CHX'N N 

NMP' ' 

HX) ' ' 

315 5 

605 5 

400 0 

340 0 

760 0 

1900 0 

685 5 

480 480 

n.dr n.dr 

85 5 

96 6 

89 9 

90 0 

T~> > 

61 1 

58 8 

39 9 

11 1 

90 0 

92 2 

92 2 

92 2 

92 2 

91 1 

92 2 

93 3 

92 2 
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solventss are employed, as illustrated for acetonitrile, NMP. DMF and DMA (.V..Y-

dimethylacetamide),, see entries 1-4. The initial reaction rates within this series are of the same 

orderr of magnitude. The application of ethyl acetate results in low yields. Apparently, the 

coordinatingg ability of the solvent plays an important role in the catalyst stability and therefore the 

totall turn-over number. When toluene is used as an apolar solvent (entry 6). a huge increase in 

reactionn rate is observed. This rate-improvement is accompanied by a moderate yield. This 

indicatess that the less coordinating ability the solvent has. the faster the resulting catalyst system is. 

Possibly,, competition between the solvent and substrates occurs when the solvent can coordinate, 

therebyy rendering the catalyst less active, but more stable. It is not clear at which stage of the 

catalyticc cycle this effect is most important. Attempts to combine high activity and stability by 

employingg mixtures of toluene and NMP were not successful (entry 7). The use of polar protic 

solventss also resulted in low yields. Especially the presence of water (10 % v/v in acetonitrile) had 

aa large detrimental effect on the stability of the catalyst. Apparently some of the intermediate 

complexess arc not stable towards protic species. The observed selectivitics in all catalytic runs arc 

nearlyy the same. This is in contrast to other systems, containing two coordinated phosphorus 

ligandss or cyclopalladated catalysts, where increasing polarity of the solvent was found to have a 

negativee effect on the selectivity towards the (£>alkene product.'50'64"661 

Wee also investigated the scope of the aromatic and olefinic substrates using the bulky 

phosphoramiditee complex as a catalyst. The results hereof are summarised in Table 3. 

Applicationn of the phosphoramiditc-based catalyst results in good conversions when aryl 

iodidess are applied, especially in combination with electron-poor alkenes. Thus, the reaction 

betweenn iodobenzene and n-butylacrylate resulted in quantitative conversion to the expected 

cinnamyll ester (entry I). In accordance with general observations.1I] the selectivity towards the (£")-

alkenee product is very high (> 99.5 %) when aerylates are employed. At 80 °C. this reaction was 

completedd within live minutes, which corresponds to an average turn-over frequency exceeding 

48000 mol mol nr. When the reaction was run at room temperature, longer reaction times were 

required,, resulting in high yields after 16 hours (entry 2). Increasing the steric bulk of the aryl 

iodidee by introducing an ortAo-substituent did not affect the conversion (entry 3). Aryl triflates are 

nott compatible with the catalyst system, see entry 4. The reason for this observation is unclear, but 

Schemee 4. Heck reaction of aryl halidcs with alkenes using 9a as the catalyst. 
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Tablee 3. Heck reaction with different substrates usine 9a as the cataKst at 80 C' 

entry y 

1 1 

^' ' 

3' ' 

4 4 

5 5 

6' ' 

7-' ' 

S" " 

9' ' 

10' ' 

11 1 

12 2 

ii y' 

aryll halide 

Phi i 

Phi i 

2-McC„H4l l 

PhOTf f 

Phi i 

Phi i 

Phi i 

Phi i 

PhBr r 

PhBr r 

4-\leOC„H H 

l-naphthylb b 

PhC'1 1 

Br r 

romide e 

alkene e 

77-butyy lacry 

77-butylacry y 

77-butylacry y 

77-butylacry y 

styrene e 

styrene e 

styrene e 

styrene e 

styrene e 

/7-butylacry y 

/7-butylacry y 

/7-butylacry y 

/7-butvv lacrv 

ate e 

ate e 

ate e 

ate e 

ate e 

ate e 

ate e 

ate e 

solvent t 

NMP P 

NMP P 

NMP P 

NMP P 

ClfC'N N 

CC 11 XN 

NMP P 

NMP P 

NMP P 

NMP P 

NMP P 

NMP P 

NMP P 

yield d 

•-- 99 

9> > 

>> 99 

<-- 1 

S5 5 

S3 3 

0 0 

0 0 

5 5 

X9 9 

30 0 

•• 99 

0 0 

"" Conditions as described for Table 2. " based on conversion of aryl halide. determined after 16 

hours,, selectivity for stilbene in all cases approx. as in Tables 1 and 2. '' reaction run at room 

temperature.. ' reaction run with one equivalent of ligand (2b) added. 20 equivalents (to Pd) of 

N(/?-Bu).,Brr added, "pyridine applied as the base. '' KOAc applied as the base. ' reaction run at 110 

CC using A'.A'-diisopropv lethy lamme as the base. 

probablyy the intermediate cationic complexes formed do not give oxidative addition under the 

appliedd conditions. Attempts to isolate cationic complexes by reaction of 9a with halide-abstracting 

reagentss (e.g. AgOTf. Off = trifluoromethane sulfonate) in acetomtnle resulted in the rapid 

formationn of palladium metal. As already shown in Table 2. application of acetonitrile as the 

solventt results in slightly lower yields. The addition of tetraalkylammonium salts does not have a 

beneficiall effect on the conversion or the selectivity (entry 6). This is in contrast to other studies, 

wheree it was reported that the presence of halide salts can accelerate the reaction, caused by the 

formationn of anionic palladium species.'' '' '''^ Changing the nature of the base by using pyridine or 

inorganicc salts, e.g. KOAc. docs not result in any conversion (entries 7 and X). Both the strength of 

thee base and its solubility (in the case of salts) can play a role herein. No evidence for the operation 

off a so-called "leakage cycle" is observed. ' ' It is important to note that these results leave the 

possibilityy of a base-assisted elimination mechanism open. The stabilitv of the catalyst is 

significantlyy lower when an. I bromides arc applied, as was alreadv discussed in the kinetic studies. 

However,, the addition of an extra equivalent of ligand to the palladium catalyst, thereby increasing 

itss stability, results in good yields when the more reactive /i-butyl aervlate is used as the alkene 

(entriess 9. 10). As expected when the oxidative addition is relatively slow, the use of electron-rich 
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arvll bromides such as /;t/ra-bromoanisol leads to only moderate conversion (entry 10), 

Electronicallyy activated l-bromonaphthalene gives smooth conversion, while aryi chlorides are not 

reactive.. Probably the activation of the C-CI bond does not take place under the mild conditions 

employedd here using a relatively electron-deficient palladium catalyst like 9a. Beller reported the 

usee of even more electron-withdrawing phosphites in the Heck reaction of arvl chlorides, but high 

temperaturess (160 °C) and large amounts of ligand were required to achieve good yields. '^ 

Electron-richh alkylphosphincs have been shown to be better candidates for the activation of aryi 

chloridess under mild conditions.'""'" "' ' 

Thee results presented in this section demonstrate that, apart from the basicity and the steric 

propertiess of the ligands. other factors, e.g. the solvent, the temperature and additives, can also 

havee influence on the catalytic performance of the catalytic systems used. Studies have been 

reportedd in which these factors were shown to be of decisive importance.'4| This implies that the 

trendd in catalyst efficiency we observed during the ligand screening (see section 3.2.1) may very 

welll change upon variation of the conditions and nature of the model reaction. Extrapolation of the 

resultss obtained in our study towards other catalytic systems should therefore be done with caution. 

Nevertheless,, we have demonstrated that bulky phosporamidite-based palladium catalysts in the 

Heckk reaction can show very high activity and allow several important, unprecedented mechanistic 

observationss to be made. 

3.33 Conclusions 

Thee use of bulky monodentate electron-poor ligands can give rise to highly active catalysts in 

thee palladium-catalysed Heck reaction of arvl iodides and aryi bromides. The steric and electronic 

propertiess of the ligands play an important role herein. Sufficient steric bulk is required to enforce 

thee catalytic reaction to proceed through mono-coordinated palladium species, thereby increasing 

itss reactivity. The electronic properties determine the concentration of active species from the 

monomer-dimerr equilibrium and their intrinsic reactivity. Phosphoramidite 2b provides an 

optimumm in both properties within the systems studied. The kinetic studies presented here deliver 

uniquee mechanistic insight into the catalytic cycle that is operative using this catalyst. It is to be 

expectedd that similar principles can be applied to other palladium-catalysed cross-coupling 

reactionss using bulky phosphoramidites as auxiliaries. 

3.44 Experimental Section 

Generall  Remarks. All reactions were carried out using standard Schlenk techniques under an 

atmospheree of purified argon or nitrogen. Benzene and toluene were distilled from sodium. 
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dicthyletherr was distilled from sodium bcnzophenone and hexane and pentane were distilled from 

sodiumm bcnzophenone triglyme. Dichloromethane. ethyl acetate, triethylamine and aeetonitrile 

weree distilled from Ca fk DMF was vacuum-distilled from CaH :. NMP and DMA were degassed 

byy a freeze-thaw cycle and stored on molsieves (4A) for at least a week. Alkenes were purified 

priorr to use by filtration through a plug of basic alumina (150 mesh. Aldrich Chemical Co.). 

Chemicalss were purchased from Aldrich and Acros Chimiea. Ligands la-c.'  4' 3a-c. " 

[Pd{2b)(Ph|(u-Br)l:: (9b) ' ^ and palktdacycle 10<! were prepared according to literature methods. 

NY1RR spectra were recorded on a Bruker AMX 300. a Yanan Mercury 300. and a Bruker DRX 

300.. ' P and 'C spectra were measured 'H decoupled (unless stated otherwise). Deuterated 

solventss were first degassed and then vacuum transferred from a drying agent. CD :C1 ; and CD.CN 

weree distilled from CaH ; . TMS was used as an external standard for 'H and "T NMR spectroscopy 

andd H,P0 4 for ' P NMR spectroscopy. Molecular weight determinations were performed on a 

Hewlett-Packardd vapour pressure osmometer model 301 A. using benzil as the reference compound, 

elementall analyses were performed on a Hereaus Flementar Vano F.L. GC measurements were 

performedd on a Shimadzu GC-17A apparatus (split splitlcss. equipped with a F.l.D. detector and a 

BPX355 column (internal diameter of 0.22 mm. film thickness 0.25 jjm, carrier gas 70 kPa He)) and 

ann Interscience HR GC Mega 2 apparatus (J&W Scientific. DB-1 column. 30 m inner diameter 

0.322 mm film thickness 3.0 (im, earner gas 70 kPa He. F.l.D. detector). GC MS measurements 

(F.I.. detection) were performed on a HP 5K90 5971 apparatus, equipped with a ZB-5 column (5% 

cross-linkedd phenyl polysiloxane) with a 0.25 mm internal diameter and 0.25 (im film thickness. 

Preparationn of complex 9a. This compound was prepared analogously as described for the 

synthesiss of 9b. H NMR (CDCL. 298 K): 5 6.94 (m. 411. Ar-//). 6.81 (m. 4H. \x-lf). 6.62 (m. 

1011.. Ar-//|. 4.45 (m. 411. NC/ACÏF);). 3.81 (s. 12H.C7/.0). 1.41 (s. 36H. C(C// , )0. 1.25 (s. 12H. 

NCÏKCV/-,):).. 1.23 (s. I 2H. NCH(C7/,) :):
 ; 'P NMR (CDCL. 298 K): <5M8.3(s): 'C NMR (CDCL. 

2988 K): a 155.0. 143.0 (d. :./(.,. - 14 Hz). 141.9. 135.2. 131.3. 126.7. 122.7. 117.1. 114.5. 113.2. 

55.4.. 50.0. 49.9 (d. 2J(.,, = 18 Hz). 35.6. 31.7. 25.0. Analysis calculated for C,.JL,.,Br:N:04Pd;: C. 

54.38:: H. 6.31: N. 1.86: found: C. 54.86: H. 6.38: N. 1.69. 

Catalysiss with in situ prepared catalysts. A Schlenk \essel was charged with Pd(dba) : (26.1 

mg.. 0.05 mmol) and hgand (0.10 mmol). Subsequently. 5.0 inL of aeetonitrile. decane (250 LiL. 

1.288 mmol) as internal standard for (jFC. iodobenzene (0.56 mL. 5.0 mmol) and triethylamine 

(0.766 mL. 5.5 mmol) were added. The reaction mixture was heated to 80 C and stvrene (0.63 ml.. 

5.55 mmol I was added. Samples were taken at regular interwils. diluted with dichloromethane and 

washedd with dilute 1 ICl->olution. The organic phase was dried over MgSCL and anaksed bv (iLC. 

i i i 
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Catalysiss vvith Complexes 9a. A Schlenk vessel was charged with complex 9a (9.4 mg, 6.25 

|imol).. Subsequently, solvent (10.0 niL). decane (500 uL. 2.56 mmol) as internal standard for 

GLC,, iodobenzene (0.56 tnL. 5.0 mmol) and triethylamine (0.76 mL. 5.5 mmol) were added. The 

reactionn mixture was heated to 65 °C and styrene (0.63 mL. 5.5 mmol) was added. Samples were 

takenn at regular intervals, diluted with dichloromethane and washed with dilute HCI-solution. The 

organicc phase was dried over y igS0 4 and analysed by GLC'. 

Kineti cc Studies. In a representative procedure, a Schlenk vessel was charged with complex 9. 

Subsequently,, acetonitrile (to a total volume of 10 mL). decane (500 uL. 2.56 mmol) as internal 

standardd for GLC. iodobenzene and triethylamine were added. The reaction mixture was heated to 

655 °C and styrene (0.63 mL, 5.5 mmol) was added. Samples were taken at regular intervals, diluted 

withh dichloromethane and washed with dilute HCI-solution. The organic phase was dried over 

MgS0 44 and analysed by GLC. 

XAF SS Measurements on Complex 9a. Palladium K-edge (24350 eV) LXAFS spectra were 

measuredd at the European Synchrotron Radiation Facility (ESRF) in Grenoble. France. Beamline 

29,, using a Si( 1 1 1) double crystal monochromator. The monochromator was detuned to 50% 

intensityy to avoid effects of higher harmonics present in the X-ray beam. The measurements were 

donee in the transmission mode using optimised ion chambers as detectors. To decrease noise scans 

Figur ee 9. Fourier Transforms of raw data (solid line) and /?-space fit (dotted line) (3.2 < k < 17 

A"'andd 1.0 < R < 3.0 A) of [Pd dirtier] in solid state at RT {a)k° weighted, (b) //'-weighted. 

weree made in k-space and three scans were collected for each sample. 

Theoreticall reference data were generated in the commercially available program XDAP 

usingg FEFF8.01 '"' Recent developments in LXAFS data-analysis methods, which make use of the 

so-calledd difference file technique. allow the reliable separation of the different contributions 
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resultingg in a proper analysis. M EXAFS data of excellent quality are obtained. The results of the 

EXAFSS data-analysis are given in Table 1. The total tits are of good quality in all weightings 

appliedd as can be concluded from the low variances found between both the imaginary and absolute 

partss of the Fourier transforms of the fits and the spectra.1 ' 

Tablee 4. EXAFS results on Pd dimer 9a " 
Ab-Scc Pair' N R(A) o :(A :) E„(CV) 

Pd-CC " Ë1 IÏÏ2 0.004 7.37 

Pd-PP 0.9 2.24 0.001 2.63 

Pd-Brr 1.8 2.53 0.005 9.72 

Pd-Pdd 0.8 2.83 0.002 -12.2 

''' \ l l u i r - 2S. Fn: r-space. 3.2- k- 17.0; k"- weighted Yar. Iin. - 0.15, \ 'ar. Abs. 0.087. A'-weighted \ ar. Im. -

0.87.. Yar. Abs. - 0.35. All parameters iterative!) refined. Ab ~ absorber: Se - scatterer. Yar. Im. and Yar. 

Abs.. are the variances of the fit of the Imaginary and Absolute part. resp. 
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