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CHAPTERCHAPTER 2 

Largee Natural Bite Angle Diphosphine Ligands in Palladium and 

Nickel-Catalysedd Cross-Coupling Reactions' 

Abstract t 

AA scries of (P-P)Pd(4-C„H.,CN)(X) complexes (P-P = a,c-f. X = Br. CK.,SO.0. containing 

bidentatcc diphosphine ligands based on a xanthene-type backbone, has been prepared and 

characterisedd in both the soiid state and in solution. Although the ligands differ only slightly in 

theirr natural bite angle ((5n = 102-1 1 1°), the complexes showed large variations in the coordination 

modee of the diphosphine. For ligands c-f, an unexpected trans geometry was observed in the solid 

statee structures obtained from X-ray diffraction. The P-Pd-P angles for these ligands were found to 

bee in the range of 150-165°. which is well beyond the calculated flexibilit y range. The trans 

coordinationn was confirmed by NMR spectroscopy, demonstrating that these trans complexes are 

alsoo the major species present in solution. Variable temperature NMR spectroscopy showed that 

exchangee with the cis isomer occurs. DPEiphos (a), having a slightly smaller calculated bite angle, 

adoptss a cis coordination, both in solution and the solid state. The ligands have been employed as 

auxiliariess in several palladium and nickel-catalysed cross-coupling reactions. The coordination 

modee of the ligands appeared to have a dramatic influence on the catalytic performance. In the 

Kumadaa coupling between bromobenzene and alkyl Grignard reagents, a strong effect of the bite 

anglee on the reactivity and selectivity was observed. Kinetic studies using Pd(a)CL showed that for 

thee coupling reaction with vt't-butylmagnesium chloride the oxidative addition is the slowest step 

inn the catalytic cycle. The obtained selectivitics could be explained by the different rates of the 

competitivee reductive elimination and J3-H elimination from the intermediate Pd(aryi)(alkyl) 

complexes.. In the Heck reaction between iodobenzene and styrene using tnethyl amine as the base 

andd complexes 1 as the catalyst, no clear trend between the bite angle and the selectivity reactivity 

couldd be observed. Probably, the trans complexes Ic-f are not active intermediates in the Heck 

coupling,, but need to undergo dissociation of at least one of the diphenylphosphino moieties before 

gainingg activ ity. Mechanisms for this decomplexation can proceed via phosphonium salt formation 

orr phosphine oxidation, which are both feasible proccssscs under the reaction conditions applied. 

Partt of this work has been published: Martin A. Zuideveld. Ben H. G. Suennenhms. Maarten D, K. 

Boele.. Yannick Guari. Ciino P. F. van Smjdonck. Joost \ . 11. Reek. Paul C. J. Kamer. Kees Goubitz. Jan 

Fraanje.. Martin Lutz. Anthonv L Spek. and Piet YV. N. M. van Leeuwen../. Chcm. Srtc. Da/ton Trans. 2002. 

230X-2317. . 



ChapterChapter 2 

2.11 Introductio n 

Bidentatee diphosphine ligands have proven to be versatile ligands in many palladium-catalvsed 

carbon-carbonn bond forming reactions.1 " Although many studies have been devoted to gaining 

knowledgee on the mechanism of palladium-catalysed cross-coupling reactions, the exact origin of 

ligandd effects observed is often not clear. The factors influencing the individual steps from the 

catalyticc cycle, i.e. oxidative addition to a (P-P)Pd(O) complex, transmetalation and reductive 

eliminationn from Pd(ll) in the cross-coupling reaction, are better understood, but these cannot in all 

casess be extrapolated to the real catalytic system/1' Furthermore, changing the ligand properties to 

enhancee the reaction rate of one of the steps of the catalytic cycle is likely to retard another reaction 

inn the sequence. Under optimal conditions, a catalyst should have consecutive steps with similar 

rates.. 4 Therefore, mechanistic insight is an important tool for the rational design of ligands that 

fulfil ll  these requirements. The steric and electronic parameters of the diphosphine play an 

importantt role herein by influencing the coordination environment of the metal centre and thus the 

activity,, selectivity and stability of the catalyst. Different parameters have been introduced to 

describee these factors in a quantitative manner.'"" ' Among these, the bite angle (the phosphorus-

metal-phosphoruss angle) preferred by the ligand has recently been recognised as an important 

property.. v s' 

Recently,, a series of diphosphine ligands based on xanthene-type backbones has been developed 

inn our group (Figure 1  "' These ligands were designed to enforce large bite angles, and have 

provenn to be successful in tuning the activity and selectivity in several catalytic reactions, such as 

thee rhodium catalysed hydroformylation.'1'1 palladium catalysed allyli c alkylation,'"1" '" 

carbonylationn of ethylene.""' and the nickel catalysed hydrocyanation of alkenes."" The crystal 

structuress of Pd(0)(tetracyanoethvlenej complexes containing the DPFphos (a). Sixantphos (d) and 

Xantphoss (c) ligands have been determined.'u' The widest phosphorus-palladium-phosphorus angle 

inn these zerovalent palladium complexes containing bidentate ligands was found to be 104.6°. 

Inn the present study, we have systematically investigated neutral and cationic 4-

cyanophenylpalladiumdl}}  complexes in solution and in the solid state. 'N These complexes are 

likelyy to be intermediates in different palladium-catalysed coupling reactions. "'' The effects of the 

diphosphinee ligand and the counterion on the structural properties of the palladium complexes is 

discussed.. Furthermore, its implications for the cross-coupling and the related Heck reaction wil l 

bee addressed. Preliminary results of this investigation have been communicated earlier." ' 
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Figur ee 1. Large bite angle bidentate diphosphine ligands used in these studies, with their preferred bite 

anglee (in degrees), taken from ref. 7. 

2.22 Results and Discussion 

2.2.11 Complex Synthesis and Structure. The syntheses of the xanthene-based arylphosphine 

ligandss a-e have been reported previously (a-e. Figure 1).' 

Thee neutral complexes (L-L)Pd(4-C,Tl4CN)(Br) (L-L = diphosphine ligand, la-g) could be 

readilyy synthesised by reaction of [[(o-tolyl) 3P]Pd(4-C6H4CN)(,u-Br)}2 with two equivalents of the 

appropriatee diphosphine ligand (Scheme 1). Crystals suitable for X-ray analysis could in general 

bee obtained by slow diffusion of hexanes in a dichloromethane solution of the complexes. 

Thee ionic compounds [(L-L)Pd(4-CV,H4CN)]~ [CF3S03] " (2) were synthesised by salt metathesis 

(o-tolyl)3PNN Br 
Pd,, /-

NC C 

AgY Y 
CH2CI22 CH2CI2 /CH3CN [(L-L)Pd(Ar)]+Y 

++ L-L  (L-L)Pd(Ar)(X) ^ r r 
'' [(L-L)Pd(Ar)(CH3CN)]+ Y" 

AgX X 

Arr = p-C6H4-CN. X = Br (1) Ar = p-C6H4-CN, Y = CF3SO3 (2) 

Schemee 1. Synthesis of (L-L)Pd(4-C6H4CN)(Br) and [(L-L)Pd(4-C6H4CN)][(CF3S03)] complexes 

((L-L )) represents bidentate diphosphines a.c-f). 
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Figuree 2. Possible geometries for complexes 1-2. 

off  1 in dichloromethane with silver triflate. Compounds 2a and 2g are not stable under these 

conditionss and even in the presence of potentially coordinating solvents like acetonitrile these 

complexess rapidly decompose at room temperature. Similar instability for c;.s-Pd(P-P)(aryl) 

complexess has been reported earlier.1""1 Complexes 2c-2f did not need the stabilisation of a 

coordinatingg solvent. 

Inn view of the flexible ligand properties a variety of coordination geometries can be envisaged 

forr complexes 1-2 (Figure 2). To elucidate the structures of the newly synthesised complexes both 

inn the solid state and in solution. 'H, ' 'C. 'lP NMR spectroscopy. X-ray crystallography and 

conductivityy measurements were performed. 

Complexx (DPEphos)Pd(4-C6H4CN)(Br) la displays an AB system in the '!IP NMR spectrum 

(~./rPP = 26.7 Hz) which implies that the ligand coordinates in a cis fashion to palladium in 

solution,, similar to previously reported (L-L)Pd(Ar)(Br) compounds (cis, neutral. Figure 2).'"' 
11 In the solid state, the metal complex has a square planar geometry and the DPEphos ligand 

C"7 7 

Figuree 3. Molecular structure of la. The ellipsoids are drawn at the 50% probability level. The 

hydrogenn atoms have been omitted for clarity. 

2N N 



LargeLarge Bite Angle Diphosphines in Cross-Coupling Reactions 

inn this complex is chelated in a cis fashion with a P-Pd-P angle of 100.82(6)c (Figure 3. Table 

1).. A ;r-7r interaction seems to be present between one of the aryl groups of the diphenyl phosphino 

moietyy of the ligand and the 4-cyanophenyl ligand. Such n-K interactions have been observed in 

otherr Pd(aryl)(diphosphine) complexes. 

Figuree 4. Molecular structure of lc. The ellipsoids are drawn at the 50% probability level. The 

solventt molecule in lc and the hydrogen atoms have been omitted for clarity. 

Theree is no bonding interaction present between palladium and the oxygen atom of the 

backbonee (d(Pd-0)=3.441(4) A). The analogous ionic [Pd(P-P)(aryl)]"[CF3S03]" complex 

containingg the DPEphos ligand (2a) also shows an AB system in the "P NMR spectrum which 

reflectss the cw-coordination. However, the latter complex decomposes readily, even in the 

presencee of acetonitrile, with formation of palladium metal, thereby preventing its isolation. 

Thee isolated corresponding [Pd(DPEphos)(Me)]~[CF3S03]" complex exhibits a cis coordination 

modee of the diphosphate.^'1 

AA broadened singlet in the P NMR spectra was observed for compounds Ic-le. containing the 

otherr Xantphos type ligands. at room temperature. An AB system (minor compound) and a 

sharpp singlet (major compound) appeared at low temperatures (-40 °C). Apparently, in solution a 

cis-transcis-trans isomerisation takes place at room temperature on the NMR time-scale. The cis-trans 

equilibriumm lies at the side of the rra/7.v-compound for lc-e. Conductivity measurements in 

dichloromethanee solution showed that these complexes are neutral (see the experimental section 

29 9 
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forr details). Crystals of Ic-I e were obtained and the solid state structure was determined by X-

rayy analysis. Selected data are presented in Table 1. 

Tablee 1. Selected bond lenghts (A) and bond angles (") for (L-L)Pd(4-C„HXN)Br (la,c-e) and 

[(Xantphos)Pd(4-C,HXN)TT [CF.sSO,J" (2c) 

ïaa ïc Id ~ 2c 

Pd-Pl l 

Pd-P2 2 

Pd-Br r 

Pd-Cl l 

Pd-0 0 

C l -Pd-P2 2 

C I - P d - P l l 

PP 1-IM-P2 

C1-Pd-Br r 

P2-Pd-Br r 

P l -Pd -Br r 

C I - P d - 0 0 

C)-Pd-P2 2 

0 -Pd -P l l 

2.4141(16) ) 

2.2959(17) ) 

2.4709(9) ) 

2.0166(6) ) 

3.441(4) ) 

88.82(17) ) 

169.81(17) ) 

100.82(6) ) 

83.24(16) ) 

164.03(5) ) 

88.53(4) ) 

2.3037(7) ) 

2.3167(7) ) 

2.5339(3) ) 

2.010(3) ) 

2.698(2) ) 

89.73(8) ) 

90.37(8) ) 

150.35(3) ) 

176.12(9) ) 

89.76(2) ) 

92.076(19) ) 

2.2861(16) ) 

2.2916(16) ) 

2.5443(7) ) 

2.006(4) ) 

2.714(3) ) 

89.81(14) ) 

89.94(14) ) 

152.15(5) ) 

178.20(15) ) 

91.18(4) ) 

89.89(4) ) 

2.2794(5) ) 

2.2794(5) ) 

2.5580(3) ) 

2.006(3) ) 

2.6957(19) ) 

91.96(2) ) 

91.96(2) ) 

155.05(2) ) 

179.67(10) ) 

87.97(1) ) 

87.97(1) ) 

2.2912(6) ) 

2.2816(6) ) 

1.966(2) ) 

2.1537(14) ) 

96.26(7) ) 

96.50(7) ) 

165.15(2) ) 

177.63(8) ) 

84.69 9 

83.47(5) ) 

""  Complex le has crystallographic mirror symmetry 

Inn the solid state, complexes Ic-e show /ra//.v-eoordination modes (trans, neutral. Figure 2) with 

P-Pd-PP angles that are in the range of 150.4-155.0' (sec lc as a typical example. Figure 3). The Pd-

PP distances are similar (2.28-2.32 A) and the Pd-0 distances (= 2.7 A) fall within the same range as 

foundd for five-coordinate palladium complexes reported by Cavell et a/. This is indicative of a 

weakk Pd-0 bonding interaction. Al l complexes have a distorted square planar geometry. The 

complexess are neutral and contain a coordinating bromide anion. The oxygen atom of the ligand 

backbonee is forced into the apical position but the coordinating ability of the oxygen atom is 

apparentlyy not strong enough to displace the bromide anion to yield an ionic complex. The 

structuress show a slightly elongated Pd-Br bond (2.53-2.56 A) as compared to the cis compounds 

(Pd-Brr - 2.46-2.47 A). The dihedral angle between the P-O-P plane and the distorted Pd square 

planee is around 77 ' in all complexes. 

Thee addition of silver trillate to the cis-trans mixtures resulted in the appearance of one singlet 

inn the -IP NMR spectrum, with a chemical shift different from that of the neutral /r<//?\-eomplexes 

lc-ee described above. The new complexes 2 are ionic as proven by conductivity measurements in 

30 0 
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dichloromethanee of the isolated complexes (molar conducth ities were typically in the range of 50-

800 S cm" mof' in dichloromethane). Unlike the synthesis of ionic (DPEphos)palladium complexes, 

thee addition of acetonitrile was not necessary to stabilise the cations. The 'H and -IP NMR spectra 

off  the ionic complexes 2 did not change when a more polar solvent such as acetonitrile was added 

too a CDC13 solution of these compounds. In the solid state, complex 2c shows a square planar 

geometryy (Figure 5). In this ionic complex the Xantphos ligand coordinates in a similar fashion as 

1.8-bis(diphenylphosphino)anthracene.'"'1'' The phosphorus atoms are //'^/«-coordinated (P-Pd-P 

anglee = 165.15(2)°) and the Pd-P distances of both phosphorus atoms are similar (Pd-Pl 

2.2912(6)) and Pd-P2 = 2.2816(6) A). The oxygen atom of the Xantphos ligand is coordinated to the 

metall  centre (Pd-O distance = 2.1537(14) A).[12] 

Palladiumm complexes containing the Thioxantphos ligand. f are different from the ligands 

containingg oxygen in their ligand backbone. Compound If' shows a singlet in the "P NMR 

spectrumm both at 25 DC and -60 °C. The addition of silver triflatc to If did not lead to a significant 

changee in chemical shift of the singlet, which suggests that the bromide complex is already ionic. 

Thee corrsponding methylpalladium complexes have been shown to behave in a similar manner.'291 

Thee Thioxantphos complex If has a molar conductivity in the same range as the ionic complexes 

(555 S enr mol" ). showing that the bromide and chloride anion are substituted by the sulphur donor 

atomm in the ligand backbone. 

Figuree 5. Molecular structure of 2c. The ellipsoids are drawn at the 50% probability level. The 

triflatcc anion, the solvent molecule and the hydrogen atoms have been omitted for clarity. 

31 1 
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neutrall  / cis cationic / trans neutral / trans 

Schemee 2. Possible cis trans isomerisation pathway through Pd-0 interaction. 

Thee trans coordination observed for ligands c-f is rather surprising, since the difference in 

naturalnatural bite angle between these ligands and DPEphos (a), which coordinates in a cis fashion, is 

small.. Furthermore, the P-M-P angles observed in the solid state structures are beyond the limits of 

thee calculated flexibilit y range of the ligands c-f (93-135°). ' The rigidity of the backbones of 

thesee ligands was believed to prevent complex geometries in which the ligands adopt larger or 

smallerr bite angles. Obviously, this assumption is incorrect. A few factors could be responsible for 

thiss unexpected flexibility towards larger coordination angles. 

Ass shown in the X-ray structures, the oxygen atom of the P-O-P ligand backbone in the trans 

complexess is located at the apical position of the {quasi-) square pyramidal geometries. This weak 

palladium-oxygenn interaction can stabilise the trans complex relative to the cis isomer, which lacks 

suchh a bonding interaction. Equilibrium mixtures of the arylpalladium complexes (lc-le) in 

solutionn also consist mainly of the fr-<ms-complex. In contrast, the corresponding methylpalladium 

complexess are mainly cw-coordinated complexes in solution. " This difference may be caused by 

thee stronger trans influence of the phenyl group compared to that of the methyl group. In addition, 

thee more electron-withdrawing properties of an aryl group compared to an alkyl moiety can play a 

role.. The aryl group renders the palladium centre more electron-poor, and therefore the apical 

oxygenn atom will coordinate more strongly in the arylpalladium complex 1 than in the more 

electron-richh methylpalladium complex. Furthermore, n-n interactions between the phenyl groups 

onn phosphorus and the aryl group attached to the palladium centre can stabilise the trans geometry 

relativee to the cis complex. Such an interaction is absent in methylpalladium complexes.1""'1 In ris 

complexess of ligands c-f the phenyl rings bonded to phosphorus cannot be oriented in such a way 

thatt a n-n interaction with the 4-cyanophenyl group is possible due to the rigidity of the ligand 

backbone. . 

Thee proximity of the oxygen atom to the metal centre may also play a role in the cis train 

isomerisationn of the complexes. Upon coordination of the backbone oxygen, a dissociative pathway 

cann be envisaged, in which the anion stabilises the formed cationic Pd-intermediate (Scheme 2). 

However,, the NMR spectra and molar conductivities of solutions of complexes 1 do not indicate 

thee presence of these ionic species, probably because the cationic intermediates are present in very 

32 2 



LargeLarge Bite Angle Diphosphines in Cross-Coupling Reactions 

loww concentrations. The feasibility of a dissociative mechanism is supported by the observation that 

thee molar conductivity of complex If is of the same magnitude as that of ionic complex 2f. 

Apparently,, the soft sulphur atom in the backbone is capable of replacing the halide from the 

neutrall  complex.1'"1 

2.2.22 Catalysis; Kumada Cross-coupling. The bite-angle of bidentate diphosphine ligands is 

knownn to be an important parameter in cross-coupling reactions. Hayashi has shown earlier that in 

thee Kumada coupling of bromobenzene with .vtr-butyhnagnesium chloride the selectivity towards 

thee desired 2-phenyl butane within a series of P-P ligands increases with increasing bite angle (dppf 

>> dppp > dppe), see Scheme 3.[33' '4| More recently, this reaction has been studied in our group 

usingg larger bite angle diphosphines.1' ' From these studies we concluded that the optimum value 

forr both the selectivity and the activity were reached when the natural bite angle of the diposphinc 

iss ca. 100°. This was explained by the stabilising effect of the large bite angle diphosphine of 

intermediatee trigonal bipyrimidal complexes. We decided to re-address the correlation between the 

selectivityy and bite angle in light of the complex geometries observed in palladium-complexes with 

ligandss based on xanthene-type backbones (see above). The results obtained for the catalytic 

reactionss using I mol"o of the different (diphosphine)PdCl2 complexes1';1 as precursor at room 

temperaturee are summarised in Table 2. 

Thee results indeed show- an optimum in reaction rate and selectivity towards the branched 

productt 5 for ligands with a bite angle around 100°. as observed before.1'1 The ligand 

11 lomoxantphos (b), with a calculated bite angle very close to that of DPEphos (a), shows a slightly 

lowerr selectivity and activity compared to DPEphos. Since the backbone of the former ligand is 

somewhatt more rigid due to the presence of the ethylene bridge.'IS| it can be concluded that the 

flexibilit yy apparently plays a minor role in the outcome of the reaction. Therefore it can be 

concludedd that within the Xantphos-type ligand series, the ligand effects observed for this model 

reactionn mainly originate from the difference in bite angle. 

Dohertyy and co-workers recently reported the application of novel Nuphos-type bidentate 

diphosphinee ligands in the Kumada coupling.'351 These ligands have natural bite angles around 90°. 

pp R = = aryl. alkyl 

Figuree 6. Examples of diphosphine ligands with smaller bite angles giving highly selective cross-

coupling:: Nuphos (left) and 2.2'-bis(diphenylphosphino)-l.l'-biphenyl) (right). 
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(P-P)PdCI2 2 

Br r MgCI I 
.Phh + P h - P h 

5 5 

Schemee 3. Kumada cross-coupling of bromobenzene with ur-butvlmagnesium chloride 

Tablee 2. Cross-coupling of bromobenzene with sec-butylmagnesium chloride in diethyl ether' 

Ligand d 

dppe' ' 

dppp' ' 

dppb' ' 

dppf f 

Homoxant.. (b) 

DPEphos(a) ) 

Sixantphoss (d) 

Thixantphoss (e) 

Xantphoss (c) 

Bite e 

angle e 

(°) ) 

85 5 

91 1 

ox x 

96 6 

102s s 

102 2 

108 8 

109 9 

11 ! 1 

Coord. . 

mode' ' 

cis s 

CIS S 

eis'trans' ' 

CIS S 

CIS S 

trans s 

trans s 

trans s 

trans s 

I d ] ] 

(moll  mol 

hr) ) 

n.d. . 

n.d. . 

n.d. . 

99 9 

141 1 

220 0 

54 4 

36 6 

36 6 

Reaction n 

time e 

4N N 

24 4 

8 8 

2 2 

2 2 

2 2 

16 6 

16 6 

16 6 

hr) ) 

Conver--

sion n 

(%)" " 

4 4 

67 7 

OS S 

100 0 

100 0 

10(1 1 

59 9 

37 7 

24 4 

5(%) ) 

0 0 

69 9 

51 1 

95 5 

Oh h 

98 8 

67 7 

51 1 

41 1 

6 (% % 

0 0 

31 1 

25 5 

2 2 

i i 

1 1 

17 7 

17 7 

19 9 

77 (%) 

n.d. . 

UA\. UA\. 

n.d. . 

3 3 

2 2 

1 1 

16 6 

33 2 

40 0 

""  conditions: 0.03 mmol (P-P)PdCl2, 6 mmol sec-BuMgCl, 3 mmol PhBr in 10 mL diethyl ether. 

TT = 20 °C. For details see experimental section. '' taken from ref 7. ' initial turnover frequency, 

determinedd after 5 minutes of reaction time. ' determined by GLC. based on 3. ' results taken from 

reff  34. dinuclear structures are also possible, see for example ref. 40. ' taken from ref 18. 

proposedd or determined geometry of the diphosphine in (P-P)Pd(Ar)(Br) complexes. 

closee to that of dppp. but nevertheless showed higher rates and selectivities than the ligands studied 

heree in the reaction between 3 and 4. No formation of isomerised coupling product (6) and 

biphenyll  (7) was observed. Hayashi recently showed that smaller bite angle ligand 2.2'-

bis(diphenylphosphino)-l.I'-biphenyl.. with a bite angle of around 92°, also results in higher 

selectivityy than dppf (5 6 99.2 0.8). Unfortunately, no additional data on formation oi' 

biphenyll  or reaction rate were reported. The reason for these remarkable selecth ities is unclear, but 

possiblyy sleric factors influenced by the rigidity of the ligands pla\ a role herein. Other ligand 

parameters,, such as the pocket angle'"' ' or the solid angle. '*' might give better correlations in these 

cases. . 

34 4 
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Thee question which step of the catalytic cycle is rate-limiting has already been a topic of debate 

forr a long lime. It is likely that for different catalyst systems and substrates the rate-determining 

stepp is different.1''1 To obtain more mechanistic insight, we investigated the kinetics of the model 

reactionn using (DPEphos)PdCl: as the catalyst through determination of the initial reaction rates. 

Thee results are shown in figure 7. From the observed, first order dependence of the reaction rate on 

thee concentration in palladium and bromobenzene and zero-order dependence on the Grignard 

concentrationn (not shown), we conclude that the oxidative addition is rate-determining for this 

z z 

66 I 

---- ~ 
V V 

1.25 5 

1.00 0 

0.75 5 

0.50 0 

0,25 5 

0.000 • 
00 0.01 0.02 0.03 

[Pd](mM"') ) 

Figuree 7. Kinetics of the cross-coupling reaction of bromobenzene with sec-butylmagnesium 

chloridee catalysed by (DPbphos)PdCk showing the first-order dependence of the reaction rate on 

[Pd]] (left) and [bromobenzene] (right). 

system.. This result is in agreement with the bite angle trend observed for ligands possessing larger 

bitee angles ('fable 2). since the oxidative addition is known to proceed faster with decreasing P-Pd-

pp angle.' ! Apparently, the energy barrier for oxidative addition reaches an optimum for 

ligandss having a bite angle of around 100°. 

Thee isomerisation in cross-coupling reactions using substrates that do not contain proximal 

unsaturationss is an important cause for the formation of side-products, as can also be seen from 

'fablee 2.r"1' To gain more insight into the factors influencing this side-reaction, we also studied the 

reactionn of bromobenzene with n-butylmagnesium chloride for several ligands. The results are 

presentedd in Table 3. 

Remarkably,, in this reaction only trace amounts of products arising from homocoupling or 

isomerisationn are observed. In addition, the bite angle trend found concerning the rate has changed 

dramaticallyy when compared to the case where sec-butylmagnesium chloride is applied. Whereas 

forr the secondary alkyl Grignard reagent (4) the optimum bile angle value for activity is around 

1000 . application of 8 as the nucleophile results in a maximum rate found for ligands with larger 

bitee angles. Since both model reactions have the oxidative addition in common as the initial step in 
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Br r 
MgCI I 

(P-P)PdCI2 2 
Ph h ++ P h - P h 

Schemee 4. Kumada cross-coupling of bromobenzene with /7-butylmagnesium chloride 

Tablee 3. Cross-coupling of bromobenzene with rc-butylmagnesium chloride in diethyl ether" 

Ligand d Bitee anale TOF (mol mol Reaction time Conversion 6(1 1 

(( ) 

dppf(g)cc 96 

Homoxantphoss (b) 102 

DPEphos(a)) 102 

Thixantphoss (e) 109 

I'dd hr) 

n.d. . 

77 7 

(hr) ) 

r r 

IS S 

92 2 

S2 2 

loo o 

100 0 

94 4 

>99 9 

>99 9 

>99 9 

•'' conditions: 0.03 mmol (P-P)PdCk 3 mmol n-BuMgCl, 3 mmol PhBr in 10 mL diethyl ether. I 

== 20 °C. For details see experimental section. taken from ret'7. ' initial turnover frequency, 

determinedd after 15 minutes of reaction time." determined by GLC, based on 3. ' results taken from 

ref.. 34. ' taken from ret' IS. 

thee catalytic cycle, this suggests that the rate-determining step has shifted from the oxidative 

additionn to a different reaction step upon changing the Grignard reagent from 4 to 8. probably the 

transmetalationn (vide infra). 

Thee fact that only traces of 2-phenylbutane were found for all ligands indicates that /j-l I 

eliminationn from the initially formed (P-P)Pd(/;-alkyl)(Ph) complex is relatively slow compared to 

directt reductive elimination from this complex. This is not the ease when the secondary substrate is 

applied.. This can be explained as follows. Statistically, the /3-H elimination from the linear Pd(w-

butyl)) species will be less likely, since the number of hydrogen atoms available to eliminate is 

smallerr than in the case of Pd(.sec-butyl) species (2 II vs. 5 H). Thus, an intrinsic preference for 

formationn of the linear product exists, regardless of the (di)phosphine employed. Furthermore, 

becausee of steric reasons it can be expected that reductive elimination from the linear alky] species 

\\\ ill be faster than from the branched alk\ 1 complex. 

II he use of DPEphos results in highly selective product formation towards the branched and the 

linearr product when employing sec-butylmagncsium chloride and «-butylmagnesium chloride 

respectively.. This indicates that in both cases the /i-ll elimination is relatively slow. Apparently, 

thee c/.v-coordination o\' DPEphos with a P-Pd-P angle that is significantly larger than 90 (see 
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trans s 

rr  r 
p \\ / p 

Pdd A 

P h * " " 

reductive e 
elimination n 

Ph--

somerisation n 
favouredd when 
bitee angle is large 

reductive e 
elimination n 

Ph' ' 

Schemee 5. Possible explanation for the observed selectivity for rigid large bite angle diphosphines 

basedd on the xanthenc backbone (Y = Si. S. C(CFF);)-

sectionn 2.1. la) enforces rapid reductive elimination. This is in agreement with other studies, where 

itt was found that larger bite angles result in higher rates of reductive elimination.'42'431 In contrast, 

forr ligands containing even larger bite angles (ligands c-e). only the linear substrate does not 

isomerisc.. This suggests that reductive elimination from the linear alkyl complex towards linear 

productt 6 is more favoured than it is in the branched intermediate to yield 5. For both substrates. 

thee trans type coordination of the large bite angle ligands will inhibit the reductive elimination, 

becausee the prerequisite cis coordination of the two organic fragments is less likely to occur. 

However,, for the branched alkyl fragment the cis coordination will be even less favorable than for 

thee linear alkyl moiety, since the large bite angle ligands will show more steric interference with 

thee more bulky sec-alkyl group. This will result in a shift of the linear/branched equilibrium 

towardss the linear Pd(alkyl) complex. Therefore, preferential reductive elimination through the cis-

(P-P)Pd(/;-butyi)(Ph)) intermediate for both substrates takes place, leading to the linear product (6) 

(seee Scheme 5). 

Thus,, summarising, the (P-P)Pd(«-Bu)(Ph)(Br) complexes will be more stable than the branched 

isomerss for steric reasons. In the case of DPEphos, high 'retention of regiochemistry' is obtained 

usingg both the secondary and the primary alkyl Grignard reagents, since cis coordination favours 

reductivee elimination over ji-\\  elimination for both substrates. For the rnmj-spanning ligands. 

37 7 



ChapterChapter 2 

reductivee elimination is slow and the /3-hydride elimination can compete with reductive 

elimination.. This opens the pathway of equilibration towards the more stable linear palladium alkyl 

complex,, which upon reductive elimination yields the rc-alkyl product (6). Therefore, significant 

formationn of the linear product 6 is observed using ligands having too large bite angles. 

Ph-Ph h 

7 7 

Schemee 6. Possible mechanism for homocoupling through a Pd(IV) intermediate. 

Besidess isomerisation of the alkyl chain, homocoupling (forming biphenyl 7) is an important 

side-reaction.. It has been proposed that the oxidative addition of a second molecule of 

bromobenzenee can occur to the initially formed (P-P)Pd(II)(alkyl)(phenyl) complex to yield the 

correspondingg tetravalent species [(P-P)Pd(Bu)(Ph)2][Br] (sec Scheme 6). | r 441 Reductive 

eliminationn from this Pd(IV) species will result in the formation of cross-coupling product 5 or 

biphenyll 7. Remarkably, significant homocoupling is observed only when seobutylmagnesium (4) 

iss employed. Since for electronic reasons the nucleophilicity of «-butylmagnesium chloride 8 is 

lowerr than for .vec-butyhnagnesium chloride, the transmetalation step could be relatively slow 

whenn employing 8. Therefore, the concentration of (P-P)Pd(Bu)(Ph) complex will be low. retarding 

thee second oxidative addition step. This can explain the absence of homocoupled product when n-

butylmagnesiumm chloride is applied as the organometallic reagent. Steric factors probably also play 

ann important role in the rate of transmetalation. but these effects are difficult to predict in the 

complicatedd transmetalation mechanism. 

Thee application of 4-bromotoluene in the reaction with sec-butylmagnesium chloride using 

(Thixantphos)PdCkk as the catalyst resulted in the formation of only trace amounts of 4-

methylbiphenyl.. the major part of the homocoupled product (> 97 %) consisting of 4.4'-

dimethylbiphenyl.. This indicates that P-C bond cleavage'19 45] does not play an important role as a 

sourcee of homocoupling under these reaction conditions. The stoichiometric reaction of 

(Sixantphos)Pd(4-C6H4CN)(Br)) (Id) with two equivalents of seobutylmagnesium chloride in the 

presencee of an excess of iodobenzene resulted in the formation of both biphenyl and 4-

cyanobiphenyll in approximately equal amounts. No formation of 4,4'dicyanobiphenyl was 
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detected.. These results do not contradict the Pd(II) Pd(IV) mechanism, but they cannot distinguish 

betweenn this mechanism or simple transmetalation between the Grignard reagent and the (P-

P)Pd(Ar)(Br)) complex 1. Other intermolecular mechanisms|4,', can not be completely excluded 

either,, and additional research is required to elucidate the origin of the homocoupled products. 

Inn addition to the studies on palladium-catalysed cross-coupling reactions, we decided to test the 

viabilityy of large bite angle diphosphines in the analogous nickel-catalysed reactions.'4 ' 

Applicationss based on this metal might be more attractive due to the low price of nickel. 

Furthermore,, nickel-complexes are in general more capable of activating aryl chlorides.'4S '' The 

(P-P)NiCFF complexes were prepared by reaction of NiCl:'6PFO with the appropriate diphosphine 

inn hot toluene or. alternatively, in an chloroform/ethanol mixture.150' Both methods yielded the 

complexess in nearly quantitative yields. 

^ , P hh + P h - P h 
CI I 

100 4 5 6 7 

Schemee 7. Nickel-catalysed Kumada cross-coupling of chlorobenzcnc with .ver-butylmagnesium 

chloride. . 

Tablee 4. Nickel-catalysed cross-coupling of chlorobenzene with .vet-butylmagncsium chloride in 
diethyll ether" 

Ligandd Bite TOF Reaction Conversion 5 (%) 6 (%) 7 (%) 

angle!0)"" (mol mol time (hr) (%)'' 

Pd/hr)' ' 

dpp e e 

dpp p p 

dpp b b 

dppf(g ) ) 

Flomoxant ..  (b ) 

DPEphoss  (a ) 

Sixantpho ss  (d ) 

Thixantpho ss  (e ) 

Xantpho ss  (c ) 

85 5 

91 1 

98 8 

96 6 

102' ' 

in : : 

108 8 

109 9 

111 1 

62 2 

322 2 

n.d . . 

21 1 

50 0 

n.d . . 

n.d . . 

248 8 

222 2 

18 8 

18 8 

18 8 

i n n 

4N N 

19 9 

17 7 

18 8 

17 7 

48 8 

>99 9 

29 9 

75 5 

66 6 

77 7 

75 5 

63 3 

78 8 

92 2 

94 4 

83 3 

93 3 

41 1 

48 8 

13 3 

11 1 

9 9 

7 7 

5 5 

16 6 

6 6 

43 3 

42 2 

70 0 

69 9 

71 1 

1 1 

<1 1 

<1 1 

<1 1 

16 6 

i n n 

r r 
20 0 

20 0 

"" conditions: 0.03 mmol (P-P)NiCF. 6 mmol sec-BuMgCl, 3 mmol PhCl in 10 ml diethyl ether. 

TT = 20 °C. For details sec experimental section. ' taken from ref 7. ' initial turnover frequency. 

determinedd after 15 minutes of reaction time. '' determined by GLC, based on PhCl.' taken from ref 

18. . 
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Thee results of the niekel-catahsed cross-coupling of ,wi-butylmagnesiuin chloride with 

ehlorobcn/enee using the complexes under identical conditions as those in the palladium-catalvsed 

reactionss are shown in Table 4. 

Thee Kumada coupling of chloroben/ene with an alk\l (irignard reagent using (bidentate 

diphosphme)Nii complexes is feasible, and proceeds with reasonable rates. Remarkabb. the bite 

anglee optimum observed with respect to the activity in the palladium-catalysed coupling reactions 

hass shitted towards smaller values in the case of nickel-catalysts. This can be explained by the fact 

thatt for a smaller metal (nickel) the actual bite angle of a ligand will be larger compared to a larger 

metall centre (palladium) using the same ligand. ' \ loreo\er . the use of a smaller halide atom will 

alloww the diphosphine to adopt a larger P-M-P angle because of steric reasons. In addition. 

nickel(Il)) complexes show a greater tendency towards tetrahedral geometries due to the smaller 

ligandd field present compared to palladium*II). A similar change in bite angle optimum is observed 

concerningg the seleclivitv. Dppp pro\ ides the optimal cataKst for both the acti\n\ and selectivity 

too 5. The rate of large bite angle ligand Thi.xantphos is obscured by incomplete conversion, 

probablyy caused by cataKst decomposition. The amount of isomerised 1-phenyibutane (6) and 

biphenyll (7) increases with increasing bite angle, as in the case of palladium, but the absolute 

fractionn of 6 is significantly larger for ligands a-e (cf. Table 2). 

Thesee trends can be explained using the same arguments as in the case of the palladium 

complexes.. Since the larger P-Ni-P angles will enhance the equilibration towards the (P-P)N'i(/;-

Bu)(Ph)) complexes (similar to the mechanism shown in Scheme >). a larger amount of linear 

productt will be formed. The homocoupling may be somewhat suppressed by the diminished 

propensityy of nickel(II) complexes to undergo oxidative addition of aryl halides to form Ni(IV) 

speciess compared to the other group 10 meta l s / It should be noted, however, that alternative 

mechanisms,, for example those involving radical-processes with Nil I) and Nil III) intermediates. 

""'"" ' cannot be excluded based on these results alone. 

2.2.3.. Catalysis, Heck Reactions. (ii\en its importance in modern organic chemistry "' " the 

Heckk reaction was also selected as subject of study. Although a tremendous amount of research has 

beenn devoted to catalyst development and optimisation, not many studies have been reported that 

svstematicallvv address the catalytic properties of bidentate diphosphine ligands in the Heck 

reaction.. One reason for this may be the initial observation that bidentate diphosphines give rise 

too inferior catalyst performance compared to their monodentatc analogues. " ' Nevertheless, 

studiess emploving a sWematicalh varied series of bidentate diphosphines ma\ provide important 

mechanisticc information. 

Ass a model reaction we chose the coupling of iodoben/ene with styrene in the presence of 

triethylaminee as the base in acetomtrile (Scheme S). Since it is known that simph mixing PdlO) 
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precursorss like Pd:(dba);, with phosphine ligands gives rise to complex equilibria of different 

Pd(L)NN (dbaX compounds,162 we decided to employ the isolated complexes 1 as catalyst precursors. 

Thesee complexes are assumed to be intermediates in the catalytic cycle formed after oxidative 

additionn of the aryl halide to the Pd(0) precursor, and therefore allow a better comparison of 

catalyticc performance of the complexes bearing the different ligands. 

Thee catalytic results of the model reaction with several large bite angle bidentate diphosphines 

aree shown in "fable 5. 

[Pd(P-P)] ] 

Et3N N 

CH3CN N 

8nn c 

111 12 13 

Schemee 8. Heck reaction of iodobenzene and styrene. 

14 4 15 5 

Tablee 5. Heck reaction of iodobenzene with styrene at 80 °C using complexes 1" 

entryy ligand (catalyst) bite angle TOF conversion 13 (%) 

,,, (mol mol (%)'' 

144 (%)d 15 (%)d 

11 DPEphos(la) 102 

22 DPEphos(la)' 102 

33 Sixantphos(ld)' 108 

44 Thixantphos(le) 109 

55 Xantphos(lc) 111 

66 Sixantphos (2df 108 

Pd/hr) ' ' 

110 0 

11 1 2 

<2 2 

7 7 

58 8 

<< -} 

70 0 

96 6 

89 9 

50 0 

48 8 

n.d . . 

90 0 

90 0 

92 2 

87 7 

89 9 

75 5 

;0.5 5 

=0.5 5 

9 9 

9 9 

8 8 

12 2 

10 0 

?*S S 

""  conditions: 0.025 mmol (P-P)Pd(4-C6H4)(Br), 5 mmol iodobenzene. 6 mmol styrene. 6 mmol 

trii ethyl amine in 5 mL acetonitrile. T = 80 °C. For details see experimental section. '' taken from rcf 

7.. ' initial turnover frequency, determined after 30 minutes of reaction time. '' determined by GLC, 

basedd on Phi after 24 hrs. ' reaction run in NMP ((.V-methylpyrrolidone) as the solvent using 

0.01255 mmol of catalyst, 'experiment performed using 0.05 mmol of catalyst (1.0 mol%). s 

phenyltriflatee instead of iodobenzene applied as the substrate. 

Fromm these results, no clear correlation with the bite angle can be derived, neither for the 

reactivityy nor for the selectivity of the catalysts. For all ligands used, approximately the same 

selectivityy is observed, with a strong preference for the (£")-stilbene 13. A minor amount of the 1.1-

substitutedd product 15 is formed (8-12 %), together with trace amounts of the (Z)-stilbenc (14) and 
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biphenyll (7. < 0.5% . not shown in the Table). The reaction rate is the highest when DPEphos is 

employedd (entry 1 |, while the highest conversion is reached using Sixantphos (entry 3). At the final 

stagee of the reaction, palladium metal precipitate was observed in all cases. Performing the 

reactionss in NMP did not change the activity or selectivity significantly, but the yield increased to 

moree than 96% with la as the catalyst (entry 2). To gain more detailed insight into the course of the 

reaction,, we performed kinetic studies b\ varying the initial concentrations of the various reactants. 

Thee reaction exhibited complex kinetic behaviour, showing a small positive order (< 1) in all 

reactants.. Furthermore, upon following the reactions in time, we unexpectedly observed incubation 

timess of various length for the different ligands (sec Figure 8). These results indicate that the (P-

P)Pd(Ar)(Br)) complexes (1) are not the dominating intermediates in the catalytic process. 

2,5 5 

22 0 

EE 1.5 

A A 
O O 

O O 

 O 

o o 
0.55 A 

O O 

*b*b i 
0.00 • 

1500 200 250 

reactionn time (hr') 

Figuree 8. Reaction profile for the initial stage of the reaction between iodobenzene and styrene at 

800 °C using catalyst la (A). Id (•). le (•) and le (O) (for details see experimental section). 

Akermarkk and co-workers recently reported a study on the regioeontrol in Heck reactions using 

smalll bite angle dppe and dppp-type ligands."" ' The selectivity in stoichiometric reactions of (P-

P)Pd(Ph)(X)) complexes with styrene was found to be highly dependent on the ligand structure, the 

counterionn and the polarity of the solvent. Farger amounts of l,l-diphenylethene were obtained 

withh an increasing cationic character of the Pd(phenyl) species and an increase m bite angle or 

basicityy of the ligand. Similar observations were made in earlier studies by Cabri using electron-

richh alkenes. They proposed that, using aryl halides, one of the phosphine-moieties has to 

dissociatee prior to alkene coordination while with, non-coordinating, triflate as the counterion the 
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reactionn occurs through a polar intermediate with the ligand acting as a chelate.|h4""' Our results 

cann be explained follow ing similar mechanistic arguments. 

Forr the //-(//«-chelating xanthene-based diphosphines. the dissociation of one of the phosphorus 

atomss seems unlikely, especially when oxygen-coordination can stabilise this rigid trans 

configurationn and therefore favour the dissociation of the halide (see Scheme 2). Similar 

observationss have been made in C-N bond formation reactions using this type of ligands.•",| This 

impliess that direct alkene coordination cannot occur easily to the complexes 1. and therefore little 

orr no catalytic activity is found when these compounds are applied as the catalysts. When the (P-

P)Pd(Ar)(/]:-CH;CHPh)) complex is formed, the subsequent insertion step is likely to be hampered 

byy the trans coordination of the diphosphine. similar to the reductive elimination (see paragraph 

2.2.2)) For la. which, is more flexible than the other complexes and preferrably adopts a cis 

geometry,, this dissociation insertion process is more likely to occur. Indeed, the use of DPEphos 

resultedd in the most active catalyst at the initial stage of the reaction within this series of ligands. 

Wee propose that the inactive complexes lb,c,e only acquire significant activity after one of the 

phosphinee moieties has undergone reaction towards a species that has considerably less chelating 

ability.. Possible reactions are quaternisation of the phosphine to a phosphonium salr ' or 

oxidationn to yield the corresponding monophosphine oxide (see Figure 8 and below).[ ' ' Both 

resultt in a ligand that can coordinate in a monodentate fashion, thus enabling alkene coordination 

andd insertion, as described for other diphosphines (see above). 

Uponn application of cationic complex 2d as the catalyst in the reaction between phenyl triflate 

andd styrene. the selectivity obtained changed significantly to a 75/25 ratio of 13/15 (entry 6. Table 

5).. The same trend has been observed for dppp and related diphosphines. for which the effects arc 

r \\ „X 
P d ' ' 

p'' NAr 

oxidant t 

(sloww or 
absent) ) 

Heckk products 

Pd d 
Ar77 X 

PPh7Ar r 

P-CC reductive p^ -
eliminationn x^ 

P-CC oxidative 
addition n 

Heckk products 

Heckk products 

RR . X 
Pdd _ 

p'' Ph , , 
~\~\ (slow or 
Arr absent) 

Heckk products 

Fi«uree 8. Mechanisms of decomposition of large bite angle bidentate diphosphines to mono-

coordinatinaa ligands. 
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evenn more pronounced.•"  in addition, an incubation time was still observed using 2d, but it 

wass shorter than that of Id. Moreover, the selectivity towards 1.1 -diphenylethenc decreases during 

thee course of the reaction. Apparently, the absence of a coordinating anion increases the strength of 

coordinationn of the Sixantphos ligand. resulting in increased formation of the 1.1-substituted 

productt for steric reasons. The observation of the activation period and change in selectivity, 

however,, illustrates that processes producing alternative catalytieally active species are also 

present. . 

Too gain more insight into the reaction, we tested the stoichiometric reaction of (P-P)Pd(4-

C„H4CN)(Br)) complexes la and 1c with a 20-fold excess of styrene in the presence of 

triethylaminee as the base in DMF (Y.A-dimethylformamide). Complex la reacted smoothly at 

roomm temperature within two hours to yield the Heck products (£)-4-eyanostilbene and l-phcnyl-

r-(4-cyanophenyl)ethenee in a 10:1 ratio. In addition, a small amount of stilbene was detected (10 

"o).. together with traces of (Z)-4-eyanostilbene. When the same reaction was performed using the 

complexx containing Xantphos as the ligand (1c). no reaction was observed at room temperature 

afterr 96 hours. However, upon heating to 80 °C. reaction occurred readily and was completed 

withinn two hours. The product ratio obtained from this mixture was approximately the same as for 

thee DPEphos-catalyst (£-1.2 1,1 -substituted product = 71 ) . Also in this case the formation of 

stilbenee was detected, in a similar amount as observed for l a at room temperature (10 %). When la 

wass subjected to the same reaction conditions as lc . the amount of (£)-stilbcnc formed increased 

considerablyy to 31 % (£-1.2 1.1-substituted product = 2 1). Analysis of the reaction mixtures 

duringg the reaction by 'H NMR and "V NMR revealed a complex mixture consisting of many 

differentt phosphorus-containing species, which we could not identify. This confirms that it is 

doubtfull whether the diphosphine ligands remain coordinated in a bidentate fashion in the 

catalytieallyy active species. The presence of stilbcne after the stoichiometric reactions indicates that 

aryll scrambling can occur under catalytic conditions. This aryl-aryl exchange has been proposed to 

takee place through reductive elimination of a phosphonium salt followed by oxidative re-

addition.1"'' "' Similar P-C bond cleavage has been reported under Heck conditions at higher 

temperatures.'' '' In a test reaction, we found that DPEphos (a) is indeed readily converted into 

severall phosphonium salts (8 21-23 ppm in CDCh) when reacted at 80 °C with an excess of an aryl 

iodidee in the presence of a catalytic amount of Pd(dba) :. This indicates that aryl-aryl scrambling 

andd phosphonium salt formation during the catalysis is a feasible decomposition pathway for the 

diphosphinee ligands studied. From the larger amount of stilbene observed when employing 

DPFphoss compared to Xantphos we conclude that this decomposition is faster for the catalyst 

containingg DPFphos. The catalytic Heck reactions for the DPFphos-complcx la are also faster, and 

thesee observations may be related. 

Too test whether oxidation of one of the diphenylphosphino groups can provide an alternative 

pathwayy for dissociation of this phosphinc from palladium, we performed the catalysic reaction 
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withh (DPFphos)Pd(4-C„l-LCN)(Br) under air atmosphere. This resulted in slightly lower activity 

andd conversion. However, the addition of water (1 10 v v to acetonitrile) to the reaction mixture 

gavee rise to a large increase in activity (TOF ^219 mol mol Pd hr) and a final conversion of 86°o. 

whichh is significantly higher than observed under anhydrous conditions (el*, entry 1. Table 5). It has 

beenn reported that under basic conditions in the presence of tertiary amines hydroxide anions 

formedd can readily oxidise phosphines.1'1 '',s' "' Thus an oxidation mechanism is also likely to play a 

rolee under the catalytic conditions using complexes 1. 

Ann alternative explanation for the observation of an induction period using 1 as catalysts might 

bee the reaction occurs from anionic five-coordinated species, formed by complexation of halide 

anionss to 1.4 * 4| Since at the initial stage of the reaction the halide-concentration is very low and 

willl only increase when the aryl halide is converted, a sigmoidal reaction curve can be expected. 

However,, upon addition of an excess of Lil or tetraalkylammonium salts to the reaction using Id. 

noo disappearance of the induction period was observed. 

Fromm the above, we conclude that the //Y/».s-eomplexes 1 are most likely not the intermediates of 

thee productive pathway of the Heck reaction, but are transformed into other, more active species 

duringg the catalytic reaction. This process may involve mono-coordinated ligands through 

oxidationn (giving the mono-oxide P-P(O)) or phosphonium salt formation of one of the phosphine 

moietiess of the ligands. This implies that, under these conditions, the ligand effects observed 

originatee from the differences in the rate and pathway of decomposition of the (P-P)Pd(4-

C(1H4CN)(Br)) complexes. It cannot be excluded that eventually complete degradation of the 

diphosphincc occurs, resulting in 'naked* palladium species that still can act as catalysts. Thus, 

multiplee catalytically active compounds can be envisaged that are present simultaneously, 

hamperingg the elucidation of the intrinsic properties of the ligands under the conditions employed. 

2.3.. Conclusions 

Bidentatee diphosphinc ligands containing large bite angles can adopt an unexpectedly large 

rangee of P-M-P angles in the (P-P)Pd(Ar)(Br) and corresponding ionic complexes. These angles 

evenn considerably exceed the calculated flexibility range for the ligands.!'f| This demonstrates that 

minorr changes in the steric and electronic properties of the diphosphinc and or the remaining 

ligandss can have a dramatic influence on the structure of the complexes. This behaviour has a very 

largee impact on the catalytic performance of palladium- and related nickel-complexes of the 

ligands.. even when these complexes are not real intermediates in the catalytic cycle. 
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2.4.. Experimental Section 

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

atmospheree of purified argon or nitrogen. Benzene and toluene were distilled from sodium. 

diethvIctherr was distilled from sodium benzophenone and hexane and pentane were distilled from 

sodiumm benzophenone triglyme. Dichloromethane. methyl amine and aeetonitrile were distilled 

fromm CaH :. DV1F was vacuum-distilled from C'aH:. NMP was degassed by a freeze-thaw cycle and 

storedd on molsieves (4A) for at least a week. Alkenes were purified prior to use by filtration o\er a 

plugg ol basic alumina (150 mesh. Aldrich Chemical Co.). Chemicals were purchased from Aldnch 

andd Acros Chimica. DPLphos.M Thixantphos.1" Sixantphos/'1 Xantphos.1"1 Thioxantphos."1"1 \[{o-

tolvl).,P]Pd(4-C()H4CN)Br!:
|1'11 and the complexes (P-P)PdCL n were synthesised according to 

literaturee procedures. NMR spectra were recorded on a Bruker AMX 300. a Varian Mercury 300. 

andd a Bruker DRX 300. "'P and 'X' spectra were measured H decoupled (unless stated otherwise). 

Deuteratedd solvents were first degassed and then \acuum transferred from a drying agent. CDX'L 

andd CDX'N were distilled from CaH : . TMS was used as a standard for lH and 'X NMR 

spectroscopyy and H,P0 4 for 'P NMR spectroscopy. Conductivities were measured in dry. 

degassedd CH ;C1 ; solutions (1.1-1.6 niM) using a Consort K.720 Digital Conductometer. M„ 

determinationss were performed on a Hewlett-Packard vapour pressure osmometer model 301 A. 

usingg benzil as the reference compound. Elemental analyses were performed on a Hereaus 

Elementarr Vario EL. GC measurements were performed on a Shimadzu GC-17A apparatus 

(split,, splitless. equipped with a F.I.D. detector and a BPX35 column (internal diameter of 0.22 mm. 

111mm thickness 0.25 jam. carrier gas 70 kPa He)) and an Interscience HR GC Mega 2 apparatus 

(J&WW Scientific. DB-1 column. 30 m inner diameter 0.32 mm film thickness 3.0 urn. carrier gas 

700 kPa He. F.I.D. detector). GC MS measurements (E.I. detection) were performed on a HP 

58900 5971 apparatus, equipped with a ZB-5 column (5"n cross-linked phenyl polysiloxane) with an 

internall diameter of 0.25 mm and film thickness of 0.25 urn. 

Complexx synthesis 

Generall  Procedure for  the Synthesis of (L-L)Pd(4-C<,H 4C\)Br  (1). A solution of \[{o-

tolyl).P]Pd(4-C„H4CN)(Ju-Br)! :: (300 mg: 0.25 mmol) and diphosphine (0.50 mmol. 2.0 cquiv.) 

inn dichloromethane (10 mL) was allowed to react overnight at room temperature. The solution 

wass concentrated /// vacuo to ca. 5 mL. Then. 10 mL of dicthylether was added which resulted in 

thee formation of orange crystals. The suspension was filtered and the crystals were dried in 

vacuo. vacuo. 

(DPEphos)Pd{4-C(,H4C.\)Brr  ( la) Yield : 75 V 'H NMR (300 MHz. CDCL. 25 C): Ö6.H-

7.66 (Ph. m. 32H). ; ;P NMR (121.5 MHz. C D C k 25 C): 514.X (d. V,.,. = 26.7 Hz). 5.9 (d. : J P P 
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== 26.7 Hz). X NMR (75.4 MHz. C D C k 25 X ) : 5 170.2 ( d . . / - 124.7 Hz). 159.0. 137.1. 135.4. 

133.1.. 130.5. 129.6. 128.4. 128.3. 125.4. 123.6 </>/?. m) 120.8 (C'N). 119.0 {Ph. m). Anal. Calcd. 

forr ( C j ; H ; : B r N O P : P d ) : C. 62.45: H. 3.90; N. 1.69. Found: C. 61.86: H. 3.97: N. 1.64. 

Crystall  structur e determination of la: 

C4 ,H : :BrNOP :Pd.. F\v - 826.95. yellow needle. 0.25 x 0.13 x 0.13 111111' monoclinic. P2, e (No. 

14).. a = 20.308(2). b - 10.5695( 19). e = 16.309(2) A. |3 - 90.245(9)". V - 3500.6(8) A'. Z = 4. p -

1.5699 gem ' . 6387 reflections were measured on an Lnraf-Nonius CAD4T diffraetometer with 

rotatingg anode (X = 0.71073 A) at a temperature of 150(2) K. 6143 reflections were unique (R,„, = 

0.0401).. Absorption correction with PLATON1""1 (DLLABS. u - 1.799 mm 1 . 0.57-0.87 

transmission).. Structure solved with Patterson methods (D1RDIF971 ') and retlned with 

SHELXL97'' S| against F" of all reflections. Non-hydrogen atoms were refined freely with 

anisotropicc displacement parameters. Hydrogen atoms were refined as rigid groups. 442 refined 

parameters,, no restraints. R-values [1 > 2G(1) ] : R l - 0.0508. wR2 = 0.0840. R-values fall rcfl.]: Rl = 

0.1006.. wR2 = 0.0988. Molecular illustration, structure checking and calculations were performed 

withh the PLATON package. r H 

(Xantphos)Pd(4-C6H4CN)Brr (1c). Yield: ca. 81 %. 'll NMR (300 MHz. C D C k 25 °C): S 

7.64,, 7.23. 6.75. 6.33 (Ph, m. 30H). 1.80 (CFL. br. m. 6H). ' ]P NMR (121.5 MHz. C D C k 25 °C): S 

9.377 1s). ' X NMR (75.4 MHz. C D C k 25 X ) : 5170.4, 155.6. 135.0, 132.0, 13 1.0 (t. J= 23.1 Hz). 

130.2.. 128.6. 128.3. 127.6. 124.7 (Ph, m). 121.6 (Ph, t , . / = 22.1 Hz) 120.6 (CN). 104.0 (Ph. m). 

36.44 (C(CIL)X 28.7 (CH,). Molar conductivity: 4.2 S enr mol1 Anal. Calcd. for 

C 4 hH., ( ,BrNOP 2Pd-- 0 . 5 8 ( C H X k ) : C. 61.95: H. 3.92; N. 1.49. Found: C. 62.20; H. 4.18; N. 

1.49. . 

Crystall  structur e determination of lc: 

CsH,„BrNOP2Pdd • 0.58 C H X k Fw - 916.27. red-brown plate. 0.28 x 0.22 x 0.08 m m \ 

monoclinic,, P2, c (No. 14). a = 21.8648(2). b = 10.0742( 1), c = 22.7549(2) A.(3 = 1 19.142( 1)". V = 

4377.76(7)) A', Z = 4. p = 1.390 g cm'. 78748 reflections were measured on a Nonius KappaCXD 

diffraetometerr with rotating anode (X = 0.71073 A) at a temperature of 150(2) K. 10040 reflections 

weree unique (R,,,, = 0.0517). Analytical absorption correction with PLATON1 fl' (u. = 1.515 mm"1. 

0.67-0.899 transmission). Structure solved with Patterson methods (D1RDIF97' ') and refined with 

SHELXL9711 Xl against F : of all reflections. Non-hydrogen atoms were refined freely with 

anisotropicc displacement parameters. Hydrogen atoms were refined as rigid groups. 525 refined 

parameters.. 7 restraints. R-values [I > 2o(I)]: Rl= 0.0357. wR2 - 0.1201. Rvalues fall refl.]: Rl = 

0.0396.. wR2 = 0.1233. Molecular illustration, structure checking and calculations were performed 

withh the PLATON package. r" ! 

(Sixantphos)Pd(4X(,H4CN)Brr (Id). Yield: ca. K2 V H NMR (300 MHz. CDCÏ-,. 25 X ) : S 

7.80.. 7.0-7.6. 6.45 (Ph. m. 3011). 0.61 (CH,. s. 611). ' P NMR (121.5 MHz. CDCk 25 X ) : S 11.1 
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(br.s).. ' T NMR (75.4 MHz. C'DC'I-.. 25 'T) : 5170.4. 155.6. 135.0. 1 32.0 (Ph. m). 131.0 (Ph. t. .7 = 

23.11 Hz). 130.2. 128.6. 128.3. 127.6. 124.7 (Ph. m). 121.6 (Ph. t. VfT = 22.1 Hz). 120.6 (CN). 

104.00 I/5/;, m). 36.4 <C(CH,):). 28.7 (Of,) . Molar conducm it>: 6.0 S cnr mol '. 

Crystall s t ructure determination of Id: 

C4,H,hBrNOP :PdSii • 2CHTL. Fw = 1052.94. colourless plate. 0.50 \ 0.38 x 0.13 mm', 

monoclmic.. P2; c ( \ o . 14). a - 21.781 (3). b - 10.5595( 13). e = 22.522(4) A. p1 =• 119.206( 13 )". V = 

4521.5(12)) A'. Z - 4. p = 1.547 g cm'. 18205 reflections were measured on an Enraf-N'onius 

CAD4TT diffraetometer with rotating anode (X=0.71073 A) at a temperature of 150(2) K. 10315 

reflectionss were unique (R„„ - 0.0544). Absorption correction with PLATON:""' (DELABS. u = 

1.6655 mm"1. 0.55-0.86 transmission). Structure solved with direct methods (S1R97 l)|) and refined 

withh SHELXL971 s against F" of all reflections. Non-hydrogen atoms were refined freely with 

anisotropicc displacement parameters. Hydrogen atoms were refined as rigid groups. 523 refined 

parameters,, no restraints. R-valucs f I > 2o(I)]: Rl= 0.0527. wR2 - 0.1021. R-values fall retl.J: Rl = 

0.1077.. \vR2 = 0.1256. Molecular illustration, structure checking and calculations were performed 

withh the PLATON package. r h | 

(Thixantphos)Pd(4-C„H4CN)Brr (le) Yield: ca. 68 %. 'H NMR {300 MHz. CDCL. 25 T ) : S 

8.244 (Ph. br m, 4H). 7.6-6.2 (Ph, br m. 24H). 2.16 (C(H)CV7„ s. 6H). " P NMR (121.5 MHz. 

CDCL.. 25 °C): <S 1 1.7 (s). 

Crystall  structur e determination of le: 

C4.,H,4BrNOP:PdSS • CHTL . Fw - 969.97. yellow plate. 0.27 x 0.27 x 0.09 mm. orthorhombic, 

Pnmaa (No. 62). a - 18,4791(1). b =15.1534(1). c = 14.9257(1) A. V = 4179.51(5) A\ Z = 4. p = 

1.5411 gem ' . 75073 reflections were measured on a Nonius KappaCCD diffraetometer with rotating 

anodee (A - 0.71073 A) at a temperature of 150(2) K. 4971 reflections were unique (Km = 0.0591 ). 

Absorptionn correction with PLATON1 "' (MULABS. |i - 1.691 mm"1. 0.77-0.86 transmission). 

Structuree solved with Patterson methods (D]RDlF97r~') and refined with SHELXL97 _N' against F ; 

off all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 

parameters.. Hydrogen atoms were refined as rigid groups. 523 refined parameters, no restraints. R-

valucss [I > 2o(I)]: Rl= 0.0267. wR2 = 0.0675. Rvalues [all refl.]: R l - 0.0307. wR2 = 0.0693. 

Molecularr illustration, structure checking and calculations were performed with the PLATON 

package. . 

| (Thio\antphos)Pd{4-C ( ,H JCN)| |Br]] (If) Yield: ca. 72 V !II NMR (300 MHz. CDCL. 25 T ) : 

8.1-6.77 (Ph. m. 30H). 2.17 (C(C7/-,):. s. 3H). 1.65 (C'(C7A):. s. 3H) "P NMR (121.5 MHz. CDCL.. 

255 T j : 37.0 (s). Molar conductn ity: 55.2 S cnr mof' 

|<DPEphos)Pd(4-C6H 4C\)<CH,CN)|| |CF. ,SO. ,p2a) . In situ''? NMR (121.5 MHz. CDCL.. 

255 T ) : S 18.1 (d). 7.6(d). 
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|(Xantphos)Pd(4-ChH 4CN)rr  |C"F,SO,|"  (2c) Yield: ca. 66 V H W1R (300 MHz. CDCI,. 

255 C): £7 .84. 7.6-7.4. 7.OS [Ph. m. 30H). 1.84 (CH,. br. s. 6H). ' P NMR (121.5 MHz. CDCF. 

255 C): <S IS.2 (s). T NMR (75.4 MHz. CDCI-.. 25 C): S 152.4 (Ph. d. J - 125.4 Hz). 135.2. 

134.77 (Ph. ml. 133.S (Ph. t. ./ 6.6 Hz). 133.2. 132.S. 130.0. 128.0 (Ph. m). 126.5 <ƒ>/;. t. .7 = 

26.44 Hz). I 19.5 (CM. 1 19.0 (Ph. t. ./ - 19.7 Hz). ION.3 (Ph. m). 35.2 ((/(CH,):). 33.S (CH,). 

Molarr conductivity: 79,8 S enr mol"1. Anal. Calcd. for C4 H ;„F ; N 0 4 P : S P d : C. 60.30; H. 3.88: 

N.. 1.50; S. 3.42. Found: C. 59.87; H. 3.89; N. 1.45; S. 3.89. 

Crystall  structur e determination of 2c: 

C4„H;<>BrN()P:Pd'' CP\SO, • CITCF. Fw - 1021.09. colourless block. 0.33 x 0.33 x 0.24 mm. 

monoclinic.. P2 n ( \ o . 14). a - 13.2554( 10). b = 22.341 3( 10). c = I 5.0667( 10) A. [3 = 91.984( 10)". 

\ '' 4459.2(10) A\ Z - 4. p - 1.521 gem ' . 82840 reflections were measured on an Nonius 

KappaCCDD difflactometer with rotating anode 0. = 0.71073 A) at a temperature of 150(2) K. The 

crystall appeared to be non-meroliedncallv twinned with a 2-fold rotation around a as the twin 

operation.. 1 he evaluation of the data was performed with the program FYAL14"" and the 

reflectionss were not merged. No absorption correction was applied. The structure was solved with 

Pattersonn methods (DIRDIF97 ') and the non-overlapping reflections. The twin refinement was 

performedd with SHFLXL97 s against F : of all reflections using the HKLF5 option. M Non-

hvdrogenn atoms were refined freelv with anisotropic displacement parameters. Hydrogen atoms 

weree refined as rigid groups. 555 refined parameters. 62 restraints. R-values [1 > 2c(I)]: Rl = 

0.0749.. wR2 - 0.1941. Rvalues [all refl.]: Rl= 0.0956. wR2 = 0.2163. Molecular illustration, 

structuree checking and calculations were performed with the PLATON package. "J 

| (Si\antphos)Pd(4-ChH 4C\)rr  |CF,SO.,|"  (2d). Yield: 70 V 'H NMR (300 MHz. CDCI,. 25 

C"):: SIM). 7.6-7.3. 7.02 (Ph. m. 30H). 0.63 (CH-.. s. 6H). ' P NMR: S 17.4 (s). 

[( ïhi \antphos)Pd(4-C„H 4C\)|| |CF.,SO,]'  (2e). Yield: 68 'V H NMR (300 MHz. CDCF. 25 

C•>:: £7.6-6.9 (Ph. m. 28H). 2.24 (C(H)C//.. s. 6H). :P NMR: Ö 17.8 (s). 

| (Thio\antphos)Pd<4-C ( 1H,C\)rr |CF,SO.i|" (4f). Yield: 72 V H NMR (300 MHz. CDCI,. 25 

C):: ÖS.2-6.S (/'/;. m. 30H). 2.22 (C(C7/ ;) :. s. 6H). P NMR: ó37.2<>) 

Phosphoniumm salt formation . DPFphos (a. 50 mg. 0.093 mmol) and 4-iodotokiene (500 mg) 

weree dissohed in 6 ml. of CH-,CN and subsequently heated to 80 C. After 1 hour, the unlocked 

PP NMR spectrum did not indicate reaction had taken place. Then. Pd(dba) : was added at room 

temperature,, and the mixture was heated again to 80 C and stirred overnight. Unlocked P 

NMRR measurement indicated complete consumption of the ligand and formation of several 

productss between 21 and 23 ppm. The solvent was evaporated, and the resulting solids washed 

withh 4 x 5 nil. of dietln I ether to give a green-white powder which was not purified further. H 
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NMRR (CDCL): Ö 7»S-6»1 (m>. 2.53 (s). 2.4N (s). 2.42 (s). 2.29 (s). ' P N'MR (CDCL.): 0 21.94. 

22.022 (major signal). 22.20. 

Generall  procedure for  the synthesis of the complexes (P-P)\iCI 2. Method A: A Schlenk-

vessell was charged with diphosphine ligand (0.5 mmol) and NiCL hexahydrate (0.5 mmol). 

Toluenee was added ( 10 nil.) and the resulting green suspension was relluxed for two hours. The 

solventt was e\aporated in vacuo, and the resulting solids were washed with water, ethanol and 

diethyll ether (5 ml. each). The resulting powders were dried under vacuum. Method B:'""• A 

round-bottom-flaskk was charged with diphosphinc ligand (0.5 mmol) and 2 mL of chloroform was 

added.. A solution of NiCI; hexahydrate in 5 mL ethanol was added quickly wile stirring, resulting 

inn the formation of a precipitate. Filtration and similar work-up as for Method A yielded the 

products.. These were used in catalysis without further purification. The NMR spectra of the 

complexess were extremely broad, indicating the presence of paramagnetic species. It is unclear 

whetherr this arises from impurities present in the isolated products or that the desired complexes 

aree paramagnetic due to large distortion from the square planar geometry towards more tetrahedral-

likee structures. 

Catalysis s 

Generall  procedure for  Kumada cross-couplin«s. A flame-dried Schlenk-\essel was charged 

withh the catalyst (0.03 mmol). followed by the aryl hahde (3.0 mmol) and 0.50 ml. of /7-decane as 

internall standard for GLC. Diethyl ether was added (7 mL) and the Sehlenk was cooled in a water 

bathh to keep it at room temperature. The reaction was started by addition of the Grignard reagent 

(3.00 mL of a 2.0 VI solution in diethyl ether. 6.0 mmol) and monitored by sampling at regular 

intervals.. The samples were hydrolvsed by addition of dilute hydrochloric acid, extracted with 

diethyll ether, dried over MgSOi and analysed by GLC. 

Stoichiometricc reaction of Id with .vcobutylmagncsium chloride. A flame-dried Sehlenk-

vessell was charged with 0.025 mmol of' complex Id. iodoben/ene (0.2X mL. 2.5 mmol) and 

suspendedd in diethylether (2 mL). The reaction was started by addition of the Grignard (1.0 mL of 

aa 0.05 VI solution in diethyl ether. After 16 hrs. the mixture was quenched with a saturated 

ammoniumm chloride solution, and the organic phase was dried over VlgSO^ and analysed by GLC. 

Generall  procedure for  Heck couplings. A flame-dried Schlenk-vessel was charged with the 

catalystt (0.025 mmol). followed by acetonitnle (5.0 mL). iodoben/ene (0.56 mL. 5.0 mmol). 

triethyll amine (0.76 mL. 5.5 mmol) and decane (0.25 mL) as internal standard for GLC. I he 

reactionn mixture was heated to SO 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 MgSO : and analysed by GLC. 

Stoichiometricc reaction of la.c with styrene. A flame-dried Schtenk-xessel was charged with 

0.0255 mmol of complex 1. triethylamine (0.25 ml.) and DM F (2.0 mL) The mixture was heated to 
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thee desired tempera ture and styrene (0.20 mL . 1.75 mmol ) was added. Samples were taken from 

thee react ion mix ture and after s tandard work -up ana lysed by G L C and GC MS . 
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