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P-PP-P ligands, £- and Z-substrates. 

Chapterr 5 

Onn the influence of the bite angle on the allylic alkylation of (E) and (Z) 

substrates:: Loss and retention of double bond stereochemistry. 

TheThe DFT calculations of chapter 3 showed that the Pd(if-allyl) bond is distorted, when the ally I moiety is 

substituted.substituted. In the previous chapter we studied the effect on the structure and reactivity of the presence of 

oneone subtituent on the allyl moiety for the case of two phosphorus donor atoms. We have found that, as 

predictedpredicted by the modeling studies, the Pd-complexes exist as a mixture of syn and anti-isomers. In this 

chapterchapter we study the influence of the bite angle on the reactivity of the syn and the anti isomer. 

Abstract t 

Too study the effect of the ligand on the regioselectivity of the allylic alkylation, (Z) and (E) pent-2-

enylacetatee were used as substrates. The alkylation of substrates with an (E) conformation of the double bond 

resultss in the preferential formation of the linear (E) product. A larger bite angle of the ligand results in an 

increasee of the regioselectivity to more than 98 % linear product for the Sixantphos ligand. Analogously, the 

alkylationn of (Z) substrates results in the formation of the linear (Z) product. Remarkably, for (Z) substrates, 

aa larger bite angle of the ligand leads to an increased regioselectivity for the branched product, up to 47.5 % 

forr Sixantphos. The observed regioselectivities are rationalized in terms of a) a competition between syn-anti 

isomerizationn and alkylation and b) a combination of steric and electronic effects in the transition state of the 

reaction.. For all ligands tested, the reaction is faster for the (E) than for the (Z) substrate. However, 

competitionn experiments using the Sixantphos ligand show a relatively fast reaction rate for the (Z) substrate, 

whichh indicates that the coordination of the substrate to palladium is the discriminating, but not the rate 

determiningg step when both substrates are present. 
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5.11 Introductio n 

Thee transition metal catalyzed allylic alkylation is a useful tool in synthetic organic chemistry.111 A total 

controll  of the stereoselectivity and regioselectivity is required for most applications of this reaction. Whereas 

thee enantioselective alkylation of symmetrically disubstituted allyl moieties (derived from e.g. cyclohexenyl 

acetate)) has received much attention in literature,1" the regioselectivity of the reaction using other types of 

allyli cc substrates has been studied less extensively.'2"61 

Whenn non-symmetrically substituted allylic substrates are used,12"61 regiocontrol is required prior to 

enantiocontroll  (figure 1). Palladium(bisphosphine) catalysts are widely studied and show for such substrates 

aa preference for the formation of the linear product (chapter 4).| la'2). Catalysts based on other metals,'41 such 

ass tungsten or iridium, also show a preference for the branched product, but the rate of the reaction is much 

lowerr than found for palladium. 

Relativelyy few studies have been reported concerning the influence of the geometry of the starting allylic 

substratee on the regioselectivity of the palladium catalyzed reaction.151 Some years ago, Akermark et al. have 

reportedd such a study in which phenantroline type ligands were used in the allylic alkylation reaction with 

sodiumm diethyl 2-methylmalonate as the nucleophile.[5al It was found that the regioselectivity of the reaction 

iss dependent on the geometry of the double bond {(E) or (Z)) of the substrate. The (E) substrate reacts with 

thee Pd(ligand) fragment to form an allylic complex having a syn geometry, which after reaction with the 

nucleophilee mainly yields the linear (E) product. Analogously, the (Z) substrate reacts to form a 

(Hgand)Pd(allyl)) complex with an anti geometry (see figure 1), which results in the formation of the linear 

(Z)(Z) and the branched product. They also reported that in the catalytic reactions, the regioselectivity is 

determinedd by competition between syn-anti isomerization and alkylation. 
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Figuree 1: Regioselectivity in the allylic alkylation and numbering scheme. 

Inn chapter 4, it is described that a large bite angle leads to a low syn / anti ratio as a result of increased steric 

interactions.. Stoichiometric alkylation of these complexes showed a correlation between the bite angle and 

thee regioselectivity. The complexes were present as syn / anti-mixtures, which complicated interpretation of 

thee data. Moreover, apart from the CI to C3 selectivity, the regioselectivity of the catalytic reaction was also 

determinedd by the competition between syn-anti isomerization and alkylation, which obscured structure-

selectivityy relations. 

Thee syn-anti isomerization of the allyl moiety involves a rf-ri'-ri 3 rearrangement during which the allyl 

moietyy is temporarily rj-bonded to the palladium via the substituted terminal allylic carbon atom (see figure 

2).mm Rotation about the Pd-C rj-bond and the adjacent C-C bond, followed by W rearrangement then 

yieldss the other (syn or anti) isomer. As a result of increased steric hindrance, this process will be slower 

whenn the substituent is larger. In order to explore the influence of the size of the allyl-substituent on the 

regioselectivity,, we have also performed the reaction with methyl-, ethyl- and propyl-substituted allylic 

substrates.. By using (Z) and (£>pent-2-enyl acetate as substrates instead of (£>but-2-enylacetate, we wil l 

showw that a small change in steric size already results in a relatively slow syn-anti isomerization rate (see 

below).. This way, we have been able to study the effects of the ligands on the alkylation of the transient syn 

andd anti isomeric complexes. 

57 7 



ChapterChapter 5 

n n 
;Pd-"te-Hb b 

Ha a 

P'"-pd.."^ZR R 
P P 

Pd d 

P„„ Hb 

vv Ha 

;Pd d „ ^ ^ 

Ha-Hbb exchange 

syn-antii isomerization 

Figuree 2: The T -̂Tl'-Tl3 rearrangement on different terminal sites of the allyl moiety (top: Ha-Hb exchange 

doess not involve syn-anti isomerization of substituent R; bottom: syn-anti isomerization of substituent R is 

hamperedd by steric hindrance) 

5.22 Results 

Alll  experiments were carried out with cationic (crotyl)Pd(ligand) complexes as catalyst precursors using four 

ligands,, that differ significantly in the calculated bite angle (dppe, dppb, DPEphos and Sixantphos, see figure 

3). . 
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dppb b 
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bitee angle3 (  ) 
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O O 
PPh22 PPh2 

DPEphos s 

Figuree 3: The ligands (a: the bite angle has been determined by pm3(tm) geometry optimization of the 

cationicc (crotyl)Pd(ligand) complexes that have been employed in the catalytic experiments (chapter 4)), 

5.2.15.2.1 (Z) and (E) ally lie substrates 

Too study the effect of the double bond geometry of the substrate we performed the allylic alkylation of (Z) 

andd (E) pent-2-enylacetate with sodium diethyl 2-methylmalonate as the nucleophile (table 1). Starting from 

thee (E) substrate primarily the linear (E) product is formed. When the bite angle of the ligand is larger, the 

regioselectivityy for the formation of this product increases. In contrast, the (Z) substrate reacts to form both 

thee linear (Z) and the branched product. In this case, a larger bite angle of the ligand results in an increase of 

thee regioselectivity to the branched product. Using dppe, the reaction rate is low compared to the other 
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ligandss and remarkably, the linear (E) product is formed in high regioselectivity, even starting from the (Z) 

substrate. . 

Thee fastest reactions are observed using the relatively flexible ligands dppb and DPEphos. For all ligands, 

thee alkylation of the (Z) allylic substrate proceeds at a lower rate than that of the (E) allylic substrate. 

Becausee a less-coordinating counterion may decrease the rate of syn-anti isomerization, we have also briefly 

studiedd the alkylation of the analogous trifluoro-acetate substrates. The alkylation reaction proceeded about 5 

timess faster, but the observed regioselectivities were similar to those using acetate as the leaving group. 

Tablee 1: Alkylation of (Z)- and (E) pent-2-enyl acetate 

substrate e 
geometry y 
E E 
E E 
E E 
E E 

Z Z 
Z Z 

z z 
z z 

complex x 
(ligand) ) 
dppe e 
dppb b 
DPEphos s 
Sixantphos s 

dppe e 
dppb b 
DPEphos s 
Sixantphos s 

TOFmii
 a 

(mol/mol/h) ) 
2100 0 
7200 0 
16900 0 
5500 0 

160 0 
1400 0 
3200 0 
950 0 

%% branched" 

1.9 9 
1.4 4 
1.1 1 
1.0 0 

3.1 1 
15.6 6 
26.7 7 
47.5 5 

%% linear E b 

94.2 2 
96.9 9 
98.1 1 
98.3 3 

86.4 4 
7.3 3 
1.1 1 
0.8 8 

%% linear Z b 

3.9 9 
1.7 7 
0.8 8 
0.6 6 

10.5 5 
77.1 1 
72.3 3 
51.7 7 

a:: determined after 2 minutes reaction time 

b:: determined after complete conversion 

Thee reaction conditions are described in the experimental section. 

5.2.25.2.2 Competition experiments 

Too gain more insight in the different courses the reaction takes for the (E) and (Z) pent-2-enyl acetate, 

competitionn experiments were carried out using the ligands dppb and Sixantphos (table 2). It was found, that 

inn the separate experiments the alkylation of the (Z) substrate is much slower than that of the (E) substrate. 

Usingg dppb in the competition experiments, however, a much smaller difference in conversion rate is 

observedd between the (E) and (Z) substrates. Furthermore, when Sixantphos is used as the ligand, the (Z) 

substratee is consumed at a higher rate than the (E) substrate. The initially predominating consumption of the 

(Z)(Z) substrate results in the formation of primarily the linear (Z) and the branched product. The 

regioselectivityy of the reaction is dependent on the conversion and, as the reaction proceeds, the fraction of 

linearr (E) product increases. 
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Tablee 2: Competition experiment using E and Z pent-2-enyl acetate. 

complex x 

(ligand) ) 

dppb b 

dppb b 

dppb b 

dppb b 

dppb b 

dppb b 

Sixantphos s 

Sixantphos s 

Sixantphos s 

Sixantphos s 

Sixantphos s 

Sixantphos s 

time e 

(minutes) ) 

2 2 

5 5 

10 0 

30 0 

60 0 

180 0 

2 2 

5 5 

10 0 

30 0 

60 0 

180 0 

%Z %Z 

substrate3 3 

5 5 

12 2 

28 8 

56 6 

75 5 

88 8 

12 2 

36 6 

65 5 

95 5 

100 0 

100 0 

substrate3 3 

11 1 

16 6 

33 3 

58 8 

77 7 

92 2 

8 8 

21 1 

38 8 

82 2 

98 8 

100 0 

%% branchedb 

7 7 

9 9 

9 9 

9 9 

9 9 

9 9 

36 6 

35 5 

34 4 

28 8 

25 5 

24 4 

%% linear E b 

40 0 

43 3 

43 3 

47 7 

48 8 

50 0 

23 3 

26 6 

29 9 

42 2 

48 8 

50 0 

%% linear Z 

53 3 

48 8 

48 8 

44 4 

43 3 

41 1 

41 1 

39 9 

37 7 

30 0 

27 7 

26 6 

a:: percentage of substrate consumed 

b:: regioselectivity, percentage of total yield 

Thee reaction conditions are described in the experimental section. 

5.2.35.2.3 Influence of the size of the ally! substituent 

Thee results using (£>pent-2-enyl acetate show a different regioselectivity than previously found for (£>but-

2-enyll  acetate (chapter 4). The results of the allylic alkylation of (E) substituted allylic substrates bearing 

substituentss of different size (methyl, ethyl and propyl) are compared in table 3. In all cases, there is a 

preferencee for the formation of the linear (E) product. The selectivity to the formation of the (£>product 

increasess when ligands with a larger bite angle are used. As expected, the regioselectivity is also influenced 

byy the size of the substituent. The selectivity increases when the substituent is larger, leading to 99.3% linear 

(E)(E) product in the alkylation of (E) hex-2-enylacetate (R= propyl) by a Sixantphos ligated palladium 

complex.. The size of the substituent also has a pronounced effect on the rate of the reaction: the larger the 

substituent,, the slower the reaction. 
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Tablee 3: Alkylation of various E substituted allylic acetates (but-2-enyl acetate, pent-2-enyl acetate, hex-2-

enyll  acetate) 

substrate e 

butenyl l 

butenyl l 

butenyl l 

butenyl l 

pentenyl l 

pentenyl l 

pentenyl l 

pentenyl l 

hexenyl l 

hexenyl l 

hexenyl l 

hexenyl l 

complex x 

(ligand) ) 

dppe e 

dppb b 

DPEphos s 

Sixantphos s 

dppe e 

dppb b 

DPEphos s 

Sixantphos s 

dppe e 

dppb b 

DPEphos s 

Sixantphos s 

TOFim
a a 

(mol/mol/h) ) 

2000 0 

8900 0 

8700 0 

9100 0 

2100 0 

7200 0 

16900 0 

5500 0 

150 0 

1900 0 

200 0 

700 0 

%% branchedb 

20.0 0 

17.9 9 

17.4 4 

12.9 9 

1.9 9 

1.4 4 

1.1 1 

1.0 0 

1.1 1 

0.8 8 

0.6 6 

0.7 7 

%% linear E b 

68.8 8 

79.0 0 

80.1 1 

85.7 7 

94.2 2 

96.9 9 

98.1 1 

98.3 3 

97.3 3 

98.9 9 

99.3 3 

99.2 2 

%% linear Z" 

11.1 1 

3.1 1 

2.5 5 

1.4 4 

3.9 9 

1.7 7 

0.8 8 

0.6 6 

1.7 7 

0.3 3 

0.1 1 

0.1 1 

a:: determined after 2 minutes reaction time 

b:: determined after complete conversion 

Thee reaction conditions are described in the experimental section. 

5.33 Discussion 

Severall  studies have been devoted to the origin of regioselectivity in the palladium catalyzed allylic 

alkylation.11 la'2_6-8I0) Two different effects have been reported. 1) It was stated, that in the case of an early 

transitionn state, the regioselectivity is determined by the relative electrophilicity of the terminal allylic carbon 

atomss and the steric hindrance is of minor importance.[81 In chapter 4 we also showed the importance of 

stericc interactions during the approach of the nucleophile. 2) In the case of a late transition state, the steric 

hindrancee becomes important that is encountered during the nucleophilic attack and the subsequent rotation 

off  the allyl moiety.123' 91 The route to the formation of the linear product is then favored over that of the 

branchedd product. 

Fromm theoretical1101 and experimental studies it is known that the allylic alkylation reaction proceeds via 

attackk of the nucleophile on the cationic (T|3-allyl)Pd(ligand) species (figure 4). This results in the formation 

off  a single bond between the attacked allylic carbon atom and the nucleophile (stage a). A C=C double bond 

iss formed between the other two allylic carbon atoms (stage b). During these processes, the allyl moiety 

rotates,, forming a transient neutral (olefin)Pd(P-P) complex (stage b). 

61 1 



ChapterChapter 5 

approachh of bond formation and 
nucleophilee rotation of ally! 

Figuree 4: Syn and anti complexes: comparison of the consecutive steps of the reaction. 

Inn a recent theoretical study, a combined explanation is presented for the apparent occurrence of either an 

earlyy or a late transition state."001 The nucleophilic attack at the most electrophilic terminal allylic carbon 

atomm (early transition state) results in a lowering of the energy barrier of stage b of the reaction. 

5.3.15.3.1 Influence of the alkene geometry 

Thee alkylation of (E) pent-2-enylacetate does not yield more than 4% of the linear (Z) product and 2% of the 

branchedd product (table 1), thus giving almost complete retention of alkene geometry. The linear (E) product 

cann only be formed from the syn isomer (see figure 1) indicating that for each of the tested palladium(ligand) 

complexes,, oxidative addition of the (E) substrate yields mainly the syn isomer. Analogously, the results 

obtainedd for (Z) pent-2-enylacetate (table 1) indicate that after its oxidative addition to palladium, the anti 

isomerr is formed, which then reacts to form the linear (Z) product. However, reaction of the (Z) substrate 

leadss to the formation of a relatively large amount of the linear (E) product. These mixtures of products can 

onlyy be formed after isomerization from anti to syn (or vice versa) has occurred. Thus, the regioselectivity is 

aa result of (1) the syn / anti equilibrium, (2) the competition between isomerization and alkylation and (3) the 

CII  to C3 regioselectivity for attack on the syn and the anti isomer.'53' 

Concerningg (1) the syn / anti ratio, we have shown before that for cationic (crotyl)Pd(ligand) complexes 

(ligandd = dppe, dppb, DPEphos and Sixantphos), the syn isomer is more stable than the anti isomer (chapter 

4).. The crotyl substrate yields an allyl group with a relatively small methyl substituent. After oxidative 

additionn of a pentenyl substrate, an allyl moiety bearing a larger ethyl group (syn or anti) is formed which 

wil ll  show more steric interaction of both the syn and the anti isomer with the ligand. The data obtained from 
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thee catalytic experiments (table 1) indicate that the relatively small difference in size between a methyl and 

ann ethyl substituent has a large effect on the syn / anti ratio of the transient allyl complexes. Because the 

resultss indicate that the anti-to-syn isomerization prevails over the syn-to-anti isomerization (table 1), it is 

concluded,, that for larger substituents on the allyl group, the preferred syn / anti ratio is higher than that 

previouslyy observed for the methyl substituent. 

Thee occurrence of (2) a competition between syn-anti isomerization and alkylation is supported by the 

concurrencee of a low reaction rate and a low regioselectivity. Thus, the alkylation of the (Z) substrate occurs 

att a lower rate than that of the (E) substrate, allowing anti-to-syn isomerization to take place prior to 

nucleophilicc attack, which lowers the overall regioselectivity. Especially for dppe the rate of isomerization is 

fastt relative to the rate of alkylation; the reaction of the (Z) substrate leads almost exclusively to the 

formationn of (E) product. 

Thee effect of the bite angle on the CI to C3 regioselectivity of the alkylation is different for the syn and the 

antii  isomer (3). The selectivity of the syn isomer to the formation of the linear (E) product increases when 

thee bite angle is larger. This can be explained in terms of steric hindrance during both stage a and b of the 

reaction.. The linear CI position is more accessible for the approaching nucleophile than the branched C3 

position.. Furthermore, during the bond formation, the substituent has to bend away from the nucleophile in 

thee direction of the sterically crowded Pd(ligand) fragment. The nucleophilic attack on the allyl moiety 

resultss in the formation of a transient palladium-olefin complex,[9c' in which the C=C double bond is located 

inn the P-Pd-P plane and the malonate-substituted C3 atom below this plane (see figure 4). When the 

branchedd product has been formed, the substituted C3 site, bearing the ethyl group and the malonate, is 

rotatedd out of the P-Pd-P plane (stage b). In a syn substituted allyl moiety, the ethyl group points in the 

directionn of the phenyl rings of the ligand. The steric interactions, thus encountered, are more pronounced 

whenn the bite angle of the ligand is larger. So, during both stage a and b of the reaction, steric hindrance 

directss the regioselectivity to the formation of the linear (E) product. 

Inn contrast, the effect of the bite angle on the regioselectivity of the alkylation of the anti isomer shows the 

oppositee trend. It is known, that in palladium complexes of disubstituted allylic substrates, the branched anti-

positionn is relatively electrophilic and consequently more reactive than the branched syn-position.|5b] The 

geometricall  distortion resulting from steric interactions with the ligand, are relatively large for the anti 

comparedd to the syn isomer. An increase of the bite angle will enhance the geometrical distortion of the allyl 

moietyy and thereby[2c'10c] enhance the relative electrophilicity of the allylic carbon atom at the branched C3 

positionn compared to the CI position. Thus during the approach of the nucleophile, stage a of the reaction, 

thee electronic effects may prevail over the steric hindrance giving the branched product. During the rotation 

off  the allyl moiety after the nucleophilic attack has taken place, stage b, the ethyl group of the anti isomer 

wil ll  point downward, i.e. not in the direction of the phenyl rings of the ligand and steric hindrance will be 

lesss than in the case of the syn isomer (stage b). So also for the anti isomer, in both stage a and b of the 

reaction,, the regioselectivity is directed to the formation of the same regio-isomer, i.e. the branched product, 

whereass for the syn isomer in both stages the linear (E) product is favored. 
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5.3.25.3.2 Competition experiments 

Thee competition experiments, carried out to gain more mechanistic insight in the reaction course of the (E) 

andd the (Z) substrate, showed a relatively high reaction rate for the latter. Because the overall reaction rate in 

thee separate experiments is higher for the (E) substrate than for the (Z) substrate, the discrimination in the 

competitionn experiments has to take place in an early stage of the catalytic cycle of the reaction. As a result 

off  the better accessibility of the (Z) double bond compared to the (E) double bond, the coordination of the 

substratee to palladium will be faster for the (Z) than for the (E) substrate. Because in the separate 

experimentss the (E) substrate is found to react faster, we conclude that the next steps of the reaction proceed 

att a higher rate for the (E) substrate than for the (Z) substrate (figure 5). 

P " - p d „ . ^ R R 

(E)(E) substrate 

product t 

.. P r i J 

(ZJJ substrate"--*- ^ P d " " 
R R 

product t 

substratee oxidative 
coordinationn addition 

Figuree 5: Schematic representation of the origin of kinetic resolution (the size of the arrows indicates the 

relativee rate). 

Thee change in rate difference in the competition experiments compared to the separate experiments is larger 

forr Sixantphos, the ligand with the larger bite angle (table 2). Upon coordination of the substrate to a 

Pdd (Sixantphos) complex, the steric hindrance will be larger than for the analogous complex with the dppb 

ligandd and therefore the discrimination between the (E) and (Z) substrate will be more pronounced for 

Sixantphos.. Possibly, for dppb the substrate discrimination does take place in this stage, but its effect may be 

compensatedd by a rate difference in the next steps of the reaction. 

Itt can be argued, that the discriminating step, coordination of the olefin, is not the rate determining step of 

thee reaction. If the coordination of the (E) substrate would be rate limiting and thus slower than the 

coordinationn of the (Z) substrate, the (E) substrate would not react faster in the separate experiments. 

Analogously,, if the coordination to palladium would be the rate determining step for the (Z) substrate, it 

wouldd not be found to react faster in the competition experiments. 
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Onn the other hand, if the rate determining step for the E substrate is indeed the substrate coordination and for 

thee Z substrate, the subsequent oxidative addition would be rate determining and the latter being slower than 

thee substrate coordination of the (E) substrate, the above argumentations are not true. Unfortunately, the 

coordinationn of the substrate and the subsequent oxidative addition can not be distinguished in kinetic 

experiments. . 

5.3.35.3.3 Effect of the size of the substituent 

Thee alkylation of the (E) substrates with different substituents all show the same trend (table 3). Both a larger 

bitee angle of the ligand and a larger substituent on the allyl moiety result in an increase of the regioselectivity 

too the formation of the linear (E) product. As has been described above, the syn / anti isomer ratio wil l be 

lowerr for small groups, which accounts for the relatively large amount of linear (Z) product formed from 

alkylationn of (E) but-2-enylacetate. 

Furthermore,, the relatively large size of the ethyl and propyl groups, as compared to the methyl group, 

hinderss the attack of the nucleophile on the branched position. This explains the smaller amounts of branched 

productt formed, when either the substituent or the bite angle of the ligand is larger. 

Alsoo the rate of the reaction is affected by the size of the substituent. The lower rate of reaction when larger 

substratess are used can be explained in terms of steric hindrance. During the oxidative addition and the 

nucleophilicc attack, a larger allylic substrate will experience more steric hindrance than a small allylic 

substratee and the reaction may therefore proceed at a lower rate. The product dissociation will probably not 

bee rate limiting but nevertheless, the coordination of a larger product will be more hindered than that of a 

smalll  one and therefore it may dissociate faster than a small product. Which of these effects prevails, 

dependss on the nature of the rate limiting step of the reaction, which may be determined by the size and 

orientationn of the substituent and the bite angle of the ligand. 

Inn the absence of significant steric interactions, a larger bite angle of the ligand results in an increase of the 

ratee of reaction. Thus, the alkylation of (E) but-2-enylacetate occurs at the highest rate when the Sixantphos 

ligandd is used. The rate of alkylation of the larger substrates is the highest for catalysts bearing a flexible 

ligandd favoring a relatively large bite angle, such as dppb or DPEphos. 
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5.44 Conclusion 

Wee separated the effect of the bite angle on the regioselectivity resulting from on the one hand the syn and 

onn the other hand the anti isomeric complex. The regioselectivity of the reaction of the syn isomer is 

determinedd by steric effects in both the first and the second stage of the reaction, resulting in almost 

exclusivee formation of the linear (£>product. The geometry of the allyl moiety in the anti isomer is 

presumablyy distorted to a large extent and the electrophilicity of the branched position is enhanced compared 

too the linear position. The regioselectivity of its alkylation is in the first stage of the reaction mainly 

governedd by electronic factors and in the second stage by steric effects. For syn complexes of ligands with a 

largee bite angle, both in the first and the second stage of the reaction, the linear product is favored, whereas 

forr the anti isomer, in both stages of the reaction, the branched product becomes the favored regio-isomer. 

Inn competition experiments between the (E) and (Z) substrates, the (Z) substrate is found to react at a rate 

thatt is similar or faster than that of the (E) substrate, whereas in separate experiments, the reaction with the 

(E)(E) substrate is faster. This effect is more pronounced for Sixantphos than for dppb. The substrate-

discriminationn presumably takes place in the stage of coordination of the olefin to the metal center, prior to 

oxidativee addition and prior to the rate determining step. Therefore, in a system in which both the (E) and (Z) 

substratee are present, the latter dominates the reaction rate. 

5.55 Experimental section 

'HH NMR (300 MHz, TMS, CDC13),
 31P {'H) (121.5 MHz external 85% H3P04, CDC13),

 l3C NMR (75.4 

MHz,, TMS, CDC13) were recorded on a Bruker AMX-300 spectrometer. The product distribution of the 

alkylationn experiments was measured on a Interscience Mega2 GC apparatus, equipped with a DB1 column, 

lengthh 30 m, inner diameter 0.32 mm, film thickness 3.0 (im, and a F.I.D. detector. 

Al ll  experiments were carried out using standard Schlenk techniques. All solvents and allylic substrates were 

freshlyy distilled prior to use. Diethyl 2-methylmalonate, NaH, and £-hex-2-enyl acetate were obtained from 

Aldrich. . 

5.5.77 General synthetic procedures 

SodiumSodium diethyl 2-methylmalonate (0,5 M in THF) was prepared from diethyl 2-methylmalonate (20 mmol, 

3.488 g) and NaH (20 mmol, 0.48 g) in THF at 273 K. The synthesis and characterisation of the complexes 

(chapterr 4), crotyl acetate (chapter 4) and the alkylation products of the coupling of crotyl acetate and £-hex-

2-enyll  acetate to sodium diethyl 2-methylmalonate are described elsewhere.|5a| 
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P-PP-P ligands, £- and Z-substrates. 

5.5.25.5.2 Alkylation reactions 

Thee catalytic reactions were performed at 292 K in THF (5 mL), using 0.05 mol% of catalyst (0.25 ^imole), 

0.55 mmole of substrate (0.064 g) and 1.0 mmole of sodium diethyl 2-methylmalonate (0.20 g). All reagents 

weree added from stock solutions. The reaction was monitored by taking samples from the reaction mixture 

which,, after aqueous work up, were analyzed by GC using decane (0.0142 g) as the internal standard. 

5.5.35.5.3 Characterization 

NMR-dataa were obtained in CDCI3 (5 in ppm). 

Diethyll  2-methyl-[(2£)-pent-2-en-4-yl]malonate (linear  E): 
]H::  0.90 (t, 3H, V = 7.3 Hz (CH3-CH2-CH=)); 1.22 (t, 6H, V = 7.0 Hz (0-CH2-CH3)); 1.32 (s, 3H (Cquatemary-

CH3));; 2.0 (m, 2H (CH3-CH2-CH=)); 2.50 (d, 2H, V = 6.9 Hz (Cquirter„aiy-CH2-CH=)); 4.12 (q, 4H, 3J = 7.0 Hz 

(0-CH2-CH3));; 5.25 (m, 1H, olefinic H); 5.50 (m, 1H, olefinic H) 
13CC {'H} : 14.1 (CH3-CH2-CH=); 14.5 (0-CH2-CH3); 20.1 (Cquatemary-CH3); 26.0 (CH3-CH2-CH=); 39.2 

(Cquatemary-CH2-CH=);; 54.3 (Cquatemary-CH,); 61.5 (0-CH2-CH3); 123.1 (CH3-CH2-CH=); 137.4 (CH3-CH2-

CH=CH);; 172.5 (C=0) 

Diethyll  2-methyl-[(2Z)-pent-2-en-4-yl]malonate (linear  Z): 

'H:: 0.90 (t, 3H, 3J = 7.5 Hz (CH3-CH2-CH=)); 1.20 (t, 6H, V = 7.0 Hz (0-CH2-CH3)); 1.33 (s, 3H (CqiBteramy-

CH3));; 2.05 (m, 2H (CH3-CH2-CH=)); 2.56 (d, 2H, V = 7.5 Hz (Cquaternary-CH2-CH=)); 4.12 (q, 4H, V = 7.0 

Hzz (0-CH2-CH3)); 5.15 (m, 1H (CH3-CH2-CH=CH-)); 5.45 (m, 1H (CH3-CH2-CH=CH^)) 
13CC {'HJ: 13.9 (CH3-CH2^CH=); 14.4 (0-CH2-CH3); 17.4 (Cquatemary-CH3); 20.0 (CH3-CH2-CH=); 33.4 

(Cquatemaiy-CH2-CH=);; 51.3 (Cquatemary-CH3); 61.6 (0-CH2-CH3); 122.7 (CH3-CH2-CH=); 135.9 (CH3-CH2-

CH=CH-);; 172.5 (C=0) 

3-(Diethyll  2-Methyl [(lE)-pent-l-ene malonate) (branched): 

'H::  0.82 (t, 3H, V = 7.5 Hz (CH3-CH2-CH=)); 1.20 (t, 6H, V = 7.0 Hz (O-CHz-CH,)); 1.21 (m, 2H (CH3-

CHj-CH));; 1.32 (s, 3H (Cquatemary-CH3)); 3.38 (m, 1H (CH3-CH2-CH)); 4.12 (q, 4H, 3J = 7.0 Hz (O-CHr 

CH3));; 5.01 (d, 1H,3/ = 16.8 Hz (£-CH=C(H)H)); 5.05 (d, 1H, J = 10.2 Hz (Z-CH=C(H)H)); 5.6 (m, 1H (-

CH=C(H)H)) ) 
13CC {'H} : 12.8 (CH3-CH2-CH-); 14.4 (0-CH2-CH3); 17.4 (Cquatemary-CH3); 21.0 (CH3-CH2-CH-); 46.5 (CH3-

CH2-CH-);; 51.3 (C^emary-CH,); 61.6 (O-CH2-CH3); 118.9 (-CH-CH=CH2); 137.2 (-CH-CH=CH2); 172.5 

(C=0) ) 
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