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Chapterr 4 

Enantioselectivee Palladium-Catalyzed Allyli c Animation Using 
Chirall  Phosphine-Phosphite Ligands 

Sinkk Deerenberg, Henri S. Schrekker, Gino P. F. van Strijdonck, Paul C. J. Kamer, 

Piett W. N. M. van Leeuwen* 

Abstract t 

AA series of phosphine-phosphite ligands la-c, 2, 3a-e, 4a-b and 5a-b has been used 

successfullyy in the allylic amination reaction of rac-l,3-diphenyl-2-propenyl acetate with 

benzylaminee as a nucleophile resulting in moderate to high ee's up to 94 %. Ligands 1-5 

consistt of a stereogenic phosphine moiety, a stereocenter in the bridge and a phosphite 

moietyy having an atropisomeric biphenyl group. Chiral induction and reaction rate of the 

allylicc amination reaction have been investigated using ligands 1-5. It was found that the 

absolutee configuration of the bisphenol moiety, controlled by the substituent at the backbone, 

iss the most important factor for determining enantioselectivity of the allylic amination 

reaction.. Ligand 2 shows a cooperative effect between the stereogenic phosphine and the 

stereocenterr in the backbone resulting in the highest ee (94 %) of this series. 
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4.11 Introduction 

Allylaminess are important building blocks in organic chemistry and their synthesis is a 

significantt synthetic goal. The allylamine fragment can be encountered in natural products, 

butt often the allylamine is transformed to a range of products by fiinctionalization, reduction, 

orr oxidation of the double bond. Therefore, the enantioselective palladium-catalyzed allylic 

animationn reaction is a useful synthetic transformation as the resulting amines can be 

convertedd into various kinds of chiral compounds including a- and P-amino acids,1-8 

differentt alkaloids9*10 and carbohydrate derivatives.11 The applicability of the 

enantioselectivee allylic amination is also demonstrated in the total synthesis of e.g. (-)-

Mesembranee and (-)-Mesembrine.12 

Comparedd to methods like the Mitsunobu reaction13 and the Gabriel synthesis the 

enantioselectivee palladium-catalyzed allylic amination is a clean and convenient way to 

synthesizee allylamines.14 It resembles the related allylic alkylation reaction and likewise the 

palladium-catalyzedd allylic amination can be performed with a high degree of efficiency and 

selectivity.10155 Even though the reaction rate of amine nucleophiles is somewhat lower than 

thee rates observed with stabilized carbon nucleophiles, high yields can be obtained after 

prolongedd reaction times (>24 h, >90 %). 

Frequently,, reactions of roc-l,3-diphenyl-2-propenyl acetate and benzylamine as a 

nucleophilee have been reported as a model reaction in the asymmetric palladium-catalyzed 

aminationn reaction. Nowadays, both ligands having C2-symmetry16-24 and Ci-symmetry25-34 

aree used in the allylic amination reaction. With C2-symmetric ligands it is generally accepted 

thatt the repulsive interaction between the chiral ligand and the substrate discriminates the two 

enantiotopicc termini of the allylic intermediate. '8.23,24,35 Chiral bidentate ligands containing 

differentt donor atoms, which are therefore Ci-symmetric, have also been found to induce 

highh enantioselectivity. Although nonsymmetrical bidentate ligands allow more permutations, 

thee character of the ligands themselves can provide the means of control. The regioselectivity 

iss determined by the difference in the trans influences of the ligand donor atoms. The allyl-

fragmentt is substituted trans towards the ligand's donor atom, which exerts the largest trans 

influence.. The enantioselectivity is determined by the steric influence exerted by the part of 

thee ligand that is in closer vicinity of the allyl-carbon that will be substituted. Mixed 

chelatingg ligands have been employed containing P-N,29-34-36"46 P-O,47 P-S,48~50 and N-

§51-533 donor atoms. 
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Recently,, it has been shown that the relative donor-acceptor strengths of the ligand 

donorr atoms, the steric hindrance in the transition state, the bite angle of the ligand and the 

substituentss on the allyl moiety govern the regioselectivity in the palladium-catalyzed allylic 

alkylation.4^.54-56 6 
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Phosphine-phosphitess have been used in several enantioselective reactions like 

palladium-catalyzedd co-polymerization57 and rhodium-catalyzed hydroformylation.58-59 The 

twoo different donor atoms (the phosphine is a o-donor and the phosphite is a 7t-acceptor) 

exertt different /r<mj-influences, thus creating distinct reactivities at the C\- and C3-allyl 

carbonn atoms. Nucleophilic attack will take place trans towards the donor atom, which is 

bondedd more strongly. It is anticipated from previous work in our group that the phosphite 

groupp at the ligand controls the enantioselectivity of the reaction.55-59 The good results using 

phosphine-phosphitee ligands in the palladium-catalyzed reactions prompted us to test these 

ligandss in the allylic animation reaction to enlarge the scope of the new ligands. In this 

Chapterr we describe the use of phosphine-phosphite ligands 1-5 in the enantioselective 

allylicc amination reaction. We expected that the nucleophilic attack would be trans towards 

thee phosphine moiety and that the phosphite moiety will control the enantioselectivity.55 

4.22 Results and Discussion 

Ligandss 1-5 were synthesized conveniently in three steps starting from the 

monophosphiness 6 (Scheme 4.1). Reaction of monophosphine 6 with an epoxide gave 

phosphinoalcoholl  7. Subsequently, 7 was coupled to the bulky 3,3',5,5'-tetra(fm-butyl)-2,2'-

bisphenoll  phosphorochloridite 8 and the boronato group was removed by treatment with 

HNEt2.. The ligand syntheses are described in more detail in Chapters 2 and 3.55-59 Ligands 

la-cc consist of a non-stereogenic phosphine moiety, a phosphite having an atropisomeric 

bisphenoll  group and a bridge, substituted at the stereogenic carbon atom. Ligand 2 has 

differentt stereocenters, the stereogenic phosphine moiety and the carbon atom at the bridge; a 

mixturee of epimers of opposite configuration at the C-stereocenter was used. Combined 

stereocenters,, as shown in ligands 3, can sometimes show a cooperative effect. Since the 

bisphenoll  moiety at the phosphite can interconvert between its atropisomers, ligands 4 were 

synthesizedd to investigate how the bisphenol moiety influences the allylic amination reaction. 

Ligandss 5 contain a shorter bridge, which will result in a smaller P-Pd-P angle, the bite 

angle. . 
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Schemee 4.1 

Ass a model reaction the palladium-catalyzed reaction of rac-l,3-diphenyl-2-propenyl 

acetatee and benzylamine as a nucleophile was investigated using ligands 1-5. The amination 

reactionn was performed in CH2CI2 at room temperature in the presence of a catalyst generated 

inin situ from 0.5 mol % of bis[(n-allyl)palladium chloride] and 1 mol % of the appropriate 

ligand.. In general, the reaction proceeds with high conversions (70-98 %) within 2.5-19 

hourss and the sole formation of product 10 was observed (ee 2-94 %). The results of the 

enantioselectivee allylic amination reaction using ligand 1-5 are summarized in Table 4.1. The 

aminationn reaction is slower than the alkylation reaction. Similar results were reported using 

phosphino-oxazolinee ligands.26-29 

Usingg ligands 1 in the allylic amination reaction gave moderate ee's (64-71 %). The e 

naturee of the substituents at the non-stereogenic phosphine moiety did not have much 

influencee on the enantioselectivity, since the ee's obtained using ligands la and lb are almost 

equal.. The use of ligands la and lb gave the 7?-enantiomer in excess when the carbon atom 

inn the bridge was 5-configured. The effect of the substituent at the bridge on the 

enantioselectivityy was investigated using ligand lc, having a methyl instead of a phenyl 

group.. A small decrease in ee was observed, but the S-enantiomer was formed,60,61 because 

off  the opposite orientation of the methyl vs. the phenyl substituent. 
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Tablee 4.1 Palladium-catalyzed allylic amination of rac-l,3-diphenyl-2-propenyl acetate in 

CH2C122
 [al 

[Pd(T!3-C3H5)CI]2,, ligand 

PhCH2NH2 2 

Ligandd Time [h] Conv. [ %f Ee [ %]c 

866 69 (R)  (R) 

255 71 (R) 

766 64 (S) 

922 2 (R) 

933 94 (5) 

988 84 (R) 

700 82 (5) 

822 63 (/?) 

711 71 (/?) 

788 44 (R) 

788 67 (/?) 

844 26 (5) 

833 21(7?) 

"" Acetate to palladium ratio is 100. Benzylamine to palladium ratio is 120. Ligand to palladium ratio is 1. 

Catalystt preparation time is 0.5 hours.b Percentage conversion of acetate. Q Enantiomeric excess determined by 

HPLCC (Daicel OJ, 13 % IPA/hexanes). Absolute configuration drawn in parenthesis. 

Thee influence of the stereogenic phosphine moiety on the enantioselectivity in the 

allylicc amination reaction was investigated using ligand 2. The spatial orientation at the 

stereogenicc phosphine moieties is the same for all ligands 1-5, even though the R,S 

assignmentt may differ. To exclude the influence of the substituent at the stereocenter in the 

bridgee an equimolar mixture of epimers of opposite configuration at the bridge stereocenter 

andd of /{-configured phosphine moiety was used. From the obtained ee of 2 % we concluded 

thatt a stereogenic phosphine moiety does not have much effect. Using ligand 2 the reaction 

(Sc)-la a 

(Sc)-lb b 

(Sc)-lc c 

(flP,racc)-2 2 

(/?P,/?c)-3a a 

(R(RPP,Sc)-3b ,Sc)-3b 

(R(RPP,Sc)-3c ,Sc)-3c 

(SP,Sc)-3d d 

(SP,Sc)-3e e 

(5P)5c>/?a)-4a a 

(Sp,ScA)-4b b 

(flP,Sc)-5a a 

(R(RPP,Rc)-5b ,Rc)-5b 

19 9 
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wass much faster compared to ligands 1 under the same conditions. The highest reaction rate 

wass found using ligands 2 and 3a-nc having a phenyl and a f-butyl substituent at the 

phosphinee moiety. This may be explained by the stronger trans influence of the phosphine. 

Thee electron density of the ally] is slightly more localized cis to the phosphine, which results 

inn a tendency to establish a a bond between the palladium-carbon bond cis to the phosphine, 

whilee the other two carbon atoms strengthen their 7i-electron system.8-41 The carbon atom 

transtrans towards the phosphine will be favored for nucleophilic attack. Using ligands l a and lc, 

havingg a less o-donating phosphine moiety, resulted in a less distinct localization of electron 

densityy at the allyl group and therefore, in a lower reaction rate. Product dissociation can also 

influencee the reaction rate. n-Stacking of phenyl groups of the substrate and the ligand will 

delayy the product dissociation and therefore, result in a low reaction rate. 

Thee use of ligand lb, the best cr-donor, was expected to give the highest reaction rate. 

Itss observed low reaction rate was attributed to the lower 7t-accepting properties and the 

bulkyy te/t-butyl groups of the phosphine moiety. 

Notwithstandingg that hardly any chiral induction was found using ligands 2, ligands 3 

weree tested, having a stereogenic phosphine moiety. A higher enantioselectivity was 

observedd from the reaction using ligands 3a-c (82-94 %). The ee's obtained using ligands 3d 

andd 3e were in the same range as when ligands 1 having a non-stereogenic phosphine moiety 

weree used. The aryl-substituents, naphthyl and o-anisyl, do not affect the behavior of the 

ligandd in the reaction. However, the bulky fert-butyl substituent at the phosphine moiety of 

ligandd 3a induced a more enantioselective surrounding around the palladium center. This is 

explainedd by a cooperative effect between the phosphorus-stereogenic phosphine moiety and 

thee stereocenter in the backbone. In spite of the fact that the phosphine group itself does not 

inducee chirality, the combination with a substituent at the bridge shows chiral cooperativity 

andd increases the chiral induction. Using ligand 3b, the diastereomer of ligand 3a, the ee 

decreasedd and this is explained by a mismatched combination of the stereocenters. 

Thee importance of the size of the substituent at the bridge is shown by ligand 3c having 

aa methyl group instead of a phenyl. The phosphine moiety and the methyl substituent do not 

showw such a large cooperative effect as when ligand 3a is used. The largest chiral 

cooperativityy is found when the substituents at both the phosphine moiety and the bridge are 

bulky. . 
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Ligandd 2 is the one to one mixture of ligands 3a and 3b. It can be expected that the ee 

obtainedd using ligand 2 (2 %) should be the average of the ee's obtained using the ligands 3a 

(944 %) and 3b (84 %). Since the ee obtained using ligand 2 is not the average, this indicates a 

differencee in reactivity of both diastereomers 3a and 3b. Ligand 3a is more enantioselective, 

butt results in a slower rate than ligand 3b. 

Itt is known from the crystal structure of the palladium(r|3-C3H5)(5a)BF4 complex that 

thee substituent at the bridge is positioned at the back of the complex, pointing away from the 

allyll  ligand.55 Therefore, we expect that the substituent does not control the enantioselectivity 

directly,, because the palladium catalyzed allylic amination reaction requires a distal attack of 

thee nucleophile to the allyl palladium complex. Therefore, we conclude that the 

enantioselectivityy is determined by the bisphenol moiety, the conformation of which is 

controlledd by the substituent of the stereocenter in the bridge. We have shown before that a 

stereogenicc group next to a phosphite having an atropisomeric biphenyl moiety controls the 

conformationn of the bisphenol moiety.55,59,62 The results obtained using ligands 4, having 

enantiomericallyy pure binaphthol groups were compared to reactions using ligand 3d. The ee 

observedd using ligand 3d is different from 4a and comparable to that obtained with 4b, 

havingg a S-configured binaphthol group. Therefore, we propose that the conformation of the 

bisphenoll  moiety of ligand 3d is also 5 when it is chelated to palladium. We conclude that the 

substituentt of the stereocenter in the bridge controls the configuration of the bisphenol 

moiety,, which in its turn controls the enantioselectivity. The phosphite moiety is in close 

proximityy to the allyl group and it influences the reaction because of this steric interaction. 

Thee P-Pd-P angle, the bite angle, has a distinct influence on the selectivity of the 

allylicc substitution reaction;54-56'63 the larger the bite angle, the more selective the allylic 

alkylationn reaction of 2-hexenylacetate with sodium diethyl malonate is towards the linear 

product.product.6363 Ligands 1-4 and ligands 5 have a bridge containing 4 and 3 atoms, respectively. 

Thesee bridges correspond to the ligands dppb64 and dppp,65 which have a bite angle of 98.6° 

andd 86.2°, respectively.63 Since dppb has a flexible bridge it is difficult to determine the exact 

bitee angle.63 The ee's obtained using ligands 3a and 3b were much higher than those induced 

byy ligands 5, having a smaller bite angle. It is anticipated that ligands 5 are not able to 

embracee the palladium allyl complex sufficiently to affect the distal attack of the nucleophile; 

thee bisphenol moiety that controls enantioselectivity has a smaller interaction with the allyl 

moiety. . 
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Itt was shown by us that the for the allylic alkylation reaction using ligands inducing a 

bitee angle in the range 78.1°-110.0°, an optimum rate was observed in between 86.2° (dppp) 

andd 99.07° (dppf66).63 The bite angle has a strong influence on the reaction rate. This 

explainss the lower reaction rate found for ligands 5, which have a backbone similar to dppp, 

whilee ligands 3a and 3b have a bite angle similar to dppb. 

Inn general, the ee's obtained in the allylic amination reaction with these ligands follow 

thee same trend as found for the alkylation reaction with opposite absolute configurations,55-61 

butt the same spatial arrangement. This is explained by the fact that both reactions follow a 

similarr mechanism. The higher ee's in the allylic amination can be explained by a later 

transitionn state. Nucleophilic substitution of the (T|3-allyl)Pd cationic complex to form the Pd 

olefinn complex must be accompanied by rotation.23-24 A late transition state results in a larger 

ligand-allyll  interaction. This late transition state and the sterically more crowded ligand 3a 

resultt in high enantioselectivity. 

4.33 Conclusions 

AA series of phosphine-phosphite ligands 1-5 has been successfully used in the allylic 

aminationn reaction resulting in moderate to high ee's (94 %). Even though, the donor atoms of 

thee ligand are both phosphorus atoms, the electronic properties are very different and the 

nucleophilicc attack at the allyl fragment takes place trans towards the phosphine moiety. The 

configurationn of the bisphenol moiety, controlled by the substituent at the backbone, is 

importantt for the enantioselectivity. The highest ee (94 %) was obtained using ligand 3a, 

whichh is explained by a cooperative effect between the stereogenic phosphine and the 

stereocenterr in the bridge. For a cooperative effect the ligand requires bulky substituents at 

thee phosphine moiety. Variation of substituents at the phosphine moiety demonstrates a large 

effectt of the electronic properties of the phosphine on the reaction rate. The highest 

enantioselectivityy and reaction rate was obtained using ligands having a bite angle larger than 

dpppp (fc = 86.2°). 
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4.44 Experimental Section 

Generall Considerations 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All 

reactionss were carried out in flame-dried glasswork using standard Schlenk techniques under 

ann atmosphere of Argon. Silica gel 60 (230-400 mesh) purchased from Merck was used for 

columnn chromatography. Gas chromatographic analyses were run on an Interscience HR GC 

Megaa 2 apparatus (split/splitless injector, J&W Scientific, DB-1 J&W 30m column, film 

thicknesss 3.0 urn, carrier gas 70 kPa He, FID detector) equipped with a Hewlett-Packard 

Dataa system (Chrom-Card). Enantiomeric excesses were determined on a Gilson HPLC 

(Daicell  OJ column). 

Allylicc Amination Experiments. 

AA degassed solution of 0.005 mmol of [Pd(Ti3-C3H5)Cl]2 in CH2C12 (1.5 mL), 0.01 

mmoll  of ligand and 0.5 mmol of decane was stirred for 0.5 hours. Subsequently, a solution of 

11 mmol of rac-l,3-diphenyl-2-propenyl acetate in CH2CI2 (0.763 mL; 1.31 M) and 1.2 mmol 

off  benzylamine were added. The reaction mixture was stirred at the given temperature and to 

determinee the conversion by GC, a sample was quenched with a dibenzylideneacetone (DBA) 

solution.. To determine the ee by HPLC (Daicel OJ, 13 % 2-propanol / hexane, flow = 0.5 

mL/min,, tR = 14.2 (S), tR = 17.5 (/?), X = 254 nm), a sample was filtered over silica gel eluted 

withh 10 % Et20 / hexane. 
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