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DFTDFT study of the distortion of the Pd(rf-allyl) bond. 

Chapterr 3 

DFTT study of the distortion of the Pd-allyl bond: 

implicationss for the regioselectivity of the reaction 

OurOur first step to investigate the limits of the existing late transition state models for the palladium catalyzed 

allyally lie alkylation is made in this chapter. We focus on the possible use of an early transition state model to 

predictpredict the regioselectivity of the reaction. 

Abstract t 

Wee studied the geometry and the electronic properties of a series of (bidentate ligand)Pd(ri -allyl) 

complexes,, that vary in the number and the position of substituents on the allyl moiety, in the nature of the 

ligandd donor atoms and the bite angle of the ligand. 

Afterr a detailed discussion of reported modeling studies, we show that the presence of substituents on the 

allyll  distorts the r|3-character of the Pd(r|3-allyl) bond. A larger bite angle of the ligand enhances this effect. 

Thee use of two different ligands, PH3 and NH3, also leads to a larger distortion of the Pd(r|3-allyl) bond. 

Basedd on these results we predict the regioselectivity of the allylic alkylation provided that an early transition 

statee is involved. 
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ChapterChapter 3 

3.11 Introductio n 

Nu u 

Figuree 1: Late transition state model for the palladium catalyzed allylic alkylation. Left: steric interactions 

uponn attack of the nucleophile, right: steric interactions after nucleophilic attack, during rotation of the 

attackedd allyl moiety.'Ia' 

Att present, the late transition state model presented by Trost (chapter 2) is commonly accepted and is often 

usedd to explain the observed regio- and enantioselectivities of the palladium catalyzed allylic alkylation 

(figuree 1). The possibility of a product-like intermediate was confirmed by several theoretical studies of the 

reactionn path of nucleophilic attack on L2Pd-(r| -allyl) model complexes.'21 Several groups found further 

experimentall  indications for a late transition state mechanism.131 Experimental mechanistic studies pointing 

too a late transition state, however, involve a) weak nucleophiles such as amines instead of the more reactive 

malonatess or / and b) bulky substituents on the allyl moiety and / or the ligand. We expect that these 

weakenedd electronic and these increased steric interactions possibly favor the occurrence of the late 

transitionn state. Furthermore, in the reported theoretical studies the pathway of the reaction has been 

investigatedd using an uncharged amine instead of a charged malonate as the nucleophile. 

Forr these reasons, we decided to explore the possibility of an early transition state mechanism, in which the 

regioselectivityy is mainly explained by the structure of the Pd(allyl) complex.'41 To our opinion, some 

reportedd results could be explained more easily using this alternative mechanism (see section 3.2).'51 

Therefore,, we were interested in the limits of the late transition state mechanism and decided to study the 

regioselectivityy of the alkylation under the following conditions: 

a)) use of an allyl moiety that is electronically activated for nucleophilic attack 

b)) use of small substituents on the allyl moiety 

c)) use of a charged nucleophile. 

Inn this chapter, first a short overview is presented of studies concerning the structure of the Pdfry'-allyl) bond 

(sectionn 3.2). Next, the influence of the bite angle of the ligand on the Pd(r(3-al]yl) bond is investigated using 

DFTT calculations (section 3.3) and the implications for the regioselectivity are discussed (section 3.4). 
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DFTDFT study of the distortion of the Pd(rf-allyl) bond. 

3.22 Literatur e survey 

3.2.13.2.1 Experimental studies 

Akermarkk has studied the influence of substituents on the allyl moiety and of ligands on the regioselectivity 

off  the allylic alkylation.[4c'61 He presented a relation between the l3C-resonances of the allylic carbon atoms 

inn L2Pd-(3,3-(CH3)2-C3H3) complexes and the regioselectivity (figure 2). More recently, Moreno-Manas has 

foundd similar results for dppe (l,2-bis(diphenylphosphino)ethane) modified complexes of para-substituted 

cinnamyll  derivatives.'71 Even though there is still no theoretical basis that validates a direct relation between 

thee l3C-chemical shifts and the charge, the observed trends (see below) seem to be in line with estimated 

chargess on the terminal allylic carbon atoms. 

^ . \\ ^Nuc 

_BB rv-^O <y linear n 

N u cc Nuc Nuc=nucleophile 

branched d 

Figuree 2: (L)2Pd-(3,3-(CH3)2-C3H3)
+OTf and products of allylic alkylation. 

Akermarkk found that, in general, the signals of the substituted allylic carbon atoms C2 and C3 are shifted 

downfieldd relative to the non-substituted allyl moiety (table l).'6' The effect is enhanced when 7C-acceptor 

ligandss are used. The downfield shift of C2 and C3 could indicate an enhanced olefinic character of the C2-

C33 bond. Several reported crystal structures of Pd(allyl) complexes indeed show a relatively short C2-C3 

bondd and a relatively long C1-C2 bond. In addition, a slight distortion of the bonding mode of the allyl 

moietyy has found been. The Pd-Cl bond is shortened and the Pd-C2 and Pd-C3 bonds are elongated, 

II  \ 
a^22 b / 

Pdd a 
/ aa \ L 

a:: longer 
b:: shorter 

indicatingg an r| -r| -type coordination (figure 3). 

Figuree 3: Distortion of the Pd-(3,3-(CH3)2-C3H3) bond. 
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Thee complexes listed in table 1 have been used by Akermark in the stoichiometric alkylation using sodium 

diethyll  2-methylmalonate as the nucleophile. Nucleophilic attack can take place either at the non-substituted 

CII  atom (forming the linear product) or at the substituted C3 atom, forming the branched product. The 

resultss are presented in table 1 and the relation between the shifts in 13C-NMR and the regioselectivity are 

presentedd graphically in figures 4 and 5. It was found that a larger difference in chemical shift between the 

substitutedd C3 and the non substituted CI atom corresponds to a higher regioselectivity for attack on C3. The 

increaseincrease of the chemical shift ofCS relative to CI was explained by an increased strength of the Pd-Cl bond 

andand a decreased Pd-C3 bond strength. This distortion of the Pd(rf-allyl) bond to t)1 (Pd-C 1 )-rf (Pd-C2C3) 

resultsresults in an increase of the electrophilicity of the substitutedC3 atom. 

Thee observed relation depends mainly on the results using the ligands tmeda, pyridine and P(OPh)3 

(omissionn of these points would lead to a very poor correlation). Inspection of table 1, however, shows that 

forr the phosphine ligands the relation is rather good. In later studies by the same authors a similar, more 

convincingg correlation is found between the non-symmetry of the Pd(T|3-allyl) bond in a non-systematic 

seriess of (N-N)Pd(allylic ligand) complexes (averaged over X-ray crystal structures in the CSD) and the 

regioselectivity.l4cl l 

Thee observed relation, however, is the opposite of what would be predicted using the late transition state 

model.. The more the allyl moiety is bonded in a pre-linear product-like manner, the more branched product 

iss found. 

Tablee 1: Relation between 13C-chemical shifts in L-Pd-(3,3-(CH,)2-C3H3)
+OTf complexes and the 

regioselectivityy in the stoichiometric allylic alkylation.161 

L L 
L== tmeda 
22 pyridine 
22 Ph3PS 
PhS-CH2CH2-SPh h 
dppe e 
2MeCN N 
22 PBu3 

COD D 
22 P(OMe)3 

22 AsPh3 

22 PPh3 

22 P(p~C6H4Cl) 
22 P(OPh)3 

8(C3) ) 
88 8 
92 2 
106 6 
108 8 
109 9 
109 9 
113 3 
114 4 
116 6 
117 7 
119 9 
121 1 
124 4 

A(8(C3)-5(C1)) ) 
32 2 
37 7 
46 6 
45 5 
48 8 
50 0 
56 6 
47 7 
57 7 
52 2 
54 4 
54 4 
64 4 

%% branched 
1 1 
1 1 
21 1 
5 5 
8 8 
3 3 
17 7 
13 3 
8 8 
13 3 
27 7 
23 3 
43 3 

%% linear 
99 9 
99 9 
79 9 
95 5 
92 2 
97 7 
83 3 
87 7 
92 2 
87 7 
73 3 
77 7 
57 7 
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Figuree 4: Relation between 8(C3) and regioselectivity of the alkylation. The bigger points correspond to the 

resultss obtained for phosphorus ligands. Omission of the points with arrows would lead to a poor 
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Figuree 5: Relation between A (8(C3)-5(C1)) and regioselectivity of the alkylation. The bigger points 

correspondd to the results obtained for phosphorus ligands. Omission of the points with arrows would lead to 

aa poor correlation. '6' 
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3.2.23.2.2 Modeling study of(PH3)2Pd(C3H5)+ 

Thee above presented studies of Akermark and co-workers have mainly been concerned with the use of 

nitrogenn ligands. Because it can be expected that the observed electronic effects on the Pd-allyl bond will be 

enhancedd by ligands with a stronger trans influence, we were interested in the non-symmetry of the Pd-allyl 

bondd using phosphine ligands. For these ligands, only few theoretical studies have bee reported, describing 

thee Pd(ri3-allyl) bond in detail.181 

Inn these modeling studies, the non-substituted cationic (PH3)2Pd(C3H5)
+ complex (la) (figure 6) was used as 

aa model for the much larger experimental systems. Use of such a model complex has the advantage of a 

smalll  amount of atoms (and electrons). The main disadvantages, however, are the relatively poor description 

off  the electronic properties of the phosphine ligand (using PH3 instead of PR3) and the absence of stabilizing 

interactionss of the cationic complex with the counterion and the solvent molecules. Several theoretical 

studiess have been devoted to this complex; the results presented here are taken from a recent study by 

Szabo.'8' ' 

Thee structure of (PH3)iPd(C3H5)
+ (la) is presented in figure 6 and values for some parameters are given in 

tablee 2. The complex is square planar with the phosphines cis to one another and the allyl moiety is bonded 

inn an r| -fashion. The bond is formed by an allyl-to-metal interaction (the filled tpl of the allyl with the empty 

spzz of the palladium) and a metal-to-allyl interaction (the empty (p2 on the allyl with the filled dxz on the 

palladium).. The general orbital diagram for the Pd-(r|3-allyl) bond, obtained from ab initio calculations, is 

depictedd in figure 7. 

Figuree 6: Structure of (PH3)2Pd(C3H5)
+ (la) (structure on the right is slightly turned). 
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Tablee 2: Values of selected parameters of (PH3)2Pd(C3H5)
+ (la), taken from ref [8], distances in A, angles in 

2,, charges in electrons. 

parameter r 

d(ClC2) ) 

d(PdCl) ) 

d(PdC2) ) 

d(PdP) ) 

Z(P-Pd-P) ) 

value e 

1.422 2 

2.212 2 

2.192 2 

2.392 2 

103.5 5 

parameter r 

qCl l 

qC2 2 

qClH2 2 

qC2H H 

qq Pd(PH3)2 

qC3H5 5 

-0.518 8 

-0.071 1 

+0.078 8 

+0.223 3 

+0.621 1 

+0.379 9 

%*t%*t  *—<. 
*3 3 

3a' ' 

2a" " 

2a' ' 

Pd-5pz z 

a'' (Pd) 

;; \ a"(Pd) 

LL L 

Pd-4dx ; ; 

00 % 
4>1 1 1a1' ' 

'' 1E 

Figuree 7: Orbital interaction diagram (taken from ref [8]). 

Becausee the L-Pd-L angle in the optimized structure is around 902, the overlap of the ligand lone pair orbitals 

withh the Pd-dxz orbital is more efficient than that with the Pd-pz orbital. This results in a lower level of the 

emptyy antibonding combination a" depicted in figure 7. This leads to a lower energy level for the 2a" orbital. 

Thee 7i-orbital on the allyl moiety (cpl) interacts with a' and mixes slightly with the allyl 7t*-orbital (cp3). 

Analogously,, the non-bonding allyl n^-orbital (q>2) interacts with the a" orbital. The anti-bonding orbitals, 2a" 

andd 2a' respectively, are close in energy level, but differ in the LUMO coefficients on the allylic carbon 

atoms.. The 2a' orbital, originating from cp3, has the largest coefficient on C2 (central carbon) atom, whereas 

thee 2a" orbital has the largest coefficient on the Ct (terminal carbon, CI or C3) atoms. The relative energy 
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levelss of these two unoccupied molecular orbitals depend on the energy levels of and the overlap with the a' 

andd a" Pd-fragment orbitals. 

Itt has been found that strong c-donor ligands, such as NH3, have a strong interaction with the Pd-dX2 orbital 

andd the energy level of the corresponding antibonding a" orbital will be raised. The N-Pd-N angle has a value 

aroundd 90- and the interaction with the Pd-p̂  orbital will be less efficient than with the Pd-d« orbital, which 

resultss in a lowering of the energy level of a'. 

Forr L-Pd-L angles between 80e and 100Q, the s-p-s overlap has a stronger angular dependence relative to the 

s-d-ss overlap. A smaller bite angle will thus have a stronger influence on energy level a" than on level a' and 

consequently,, a decrease in the bite angle wil l lower the 2a' energy level relative to the 2a" energy level. 

Strongg G-donor ligands with a small bite angle will cause the 2a' orbital to be the LUMO. Nucleophilic attack 

wil ll  take place on C2, forming a cyclopropane product. If, on the other hand, 2a" is the LUMO, a nucleophile 

wil ll  attack at Ct and an olefin will be formed. 

Thesee calculations of Szabo are in line with reported experimental results. Nucleophilic attack on the 

(tmeda)Pd(allyl)++ complexes may take place at C2[9], whereas (P-P)Pd(C3H5)
+ complexes are attacked at 

Ct.[1011 The mechanism of the nucleophilic attack at C2 proceeds via the formation of a palladacyclobutane 

intermediate1911 and will not be discussed here. 

Althoughh complex la is formally treated as L2Pd2+(allyl'~), the analysis of the Mulliken charges shows that 

thee palladium fragment bears a charge of only +0.6123 whereas the allyl moiety also bears a positive charge 

(+0.3277).. Considering the positive charge on the allyl moiety, we deduced that the non-bonding orbital cp2 

onn the allyl will be located primarily on the palladium. The corresponding anti-bonding combination 2a" 

therefore,, is primarily located on the allyl moiety, thus favoring nucleophilic attack on the allyl. 

Preliminaryy EXAFS experiments, carried out in collaboration with the University of Utrecht and the ESRF in 

Grenoble,, show that the charge on the palladium atom in cationic Pd(P-P)(allyI)+ complexes is between 0 

andd +1, which is well below its formal charge of+2.[18] 

3.2.33.2.3 Effect of substituents 

Duringg the course of our studies, a DFT study was reported (B3LYP / LANL2DZ) concerning the effect of 

substituentss on the symmetry of the Pd-(r[3-allyl) bond.r2al It was shown that substituting the allyl with an 

electronn donating group on one of the terminal carbon atoms, leads to a polarization of the frontier orbitals of 

thee allyl moiety (figure 8) in the sense expected. The <pl and the cp2 orbital are polarized in the direction of 

thee non-substituted C1 atom, whereas the cp3 orbital is polarized to the substituted C3 atom. Furthermore, the 

nodee on C2 in (p2 has disappeared. Due to this polarization, the three allyl frontier orbitals can mix. Because 

off  the out-of-phase mixing for the atomic orbital on CI, the contribution of this orbital to the allyl-to-metal 

interactionn (bonding) will decrease, whereas this contribution will increase for the C3 atom. More 
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importantly,, the mixing of the allyl orbitals wil l increase the coefficient on C3 in the atomic orbital q>2, that 

iss involved in the metal-to-allyl (backbonding) interaction. 

Wee reasoned that the bond of the polarized allyl moiety to the Pd fragment leads to the formation of a 2a" 

(LUMO)) level in which the coefficient on the C3 atom is larger than that on the CI atom. A large coefficient 

onn C3 in the occupied orbitals of the complex will decrease the electrophilicity of C3 relative to CI, whereas 

aa large coefficient on C3 in the LUMO of the complex wil l accelerate the nucleophilic attack on C3. For our 

studies,, the overall results of these two effects are important. As discussed in the previous paragraph, the bite 

anglee of the ligand influences the energy levels of the complex. We decided therefore, to use for our 

theoreticall  studies allyl moieties with different substitution patterns and ligands with different bite angles. 

%h%h J^8 ?M H2CC ^c r 
(R/H) ) 

substitutedd allyl frame $1 <t>2 <j>3 
Figuree 8: Polarization of the frontier orbitals of the substituted allyl moiety, R = CH3.

[ al 

3.33 Results and discussion 

Inn the previous sections, several parameters have been identified that may influence the regioselectivity of 

thee allylic alkylation: the presence of substituents on the allyl moiety, the bite angle of the ligand and the 

transs influence of the ligand donor atoms. 

Inn this section, the influence of these parameters on the structure of Pd(allyl) complexes is studied by DFT 

calculations.. In the chapters 4-8, the experimental results will be presented. 

Wee calculated the structures of model complexes, using 2 PH3 groups as a model for the bidentate phosphine 

ligandd and NH3 as a model for a nitrogen ligand. All calculations were performed on the B3LYP level of 

theoryy using the LANL2DZ basis-set, which is one of the accepted methods for calculations of such 

complexes.1211 In general, the obtained structures are in excellent agreement with those in reported ab initio181 

andd DFT studies.12"1 

Firstt the effect of the bite angle on the bonding in the above introduced (r)3-C3H5)Pd(PH3)2
+ model complex 

iss investigated. Next, the effect of substituents on the allyl moiety, the effect of the bite angle and the effect 

off  different ligand donor atoms will be discussed. Both for our calculations and our experimental work, we 

usedd the mono-substituted syn and anti 3-CH3-C3H4 (crotyl) moieties and the dimethyl substituted 3,3-

(CH3)2-C3H33 moiety (figure 9). 
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Figuree 9: Numbering scheme of the used complexes. 2: syn crotyl (CH3 syn with respect to the central H-

atomm on the allyl), 3: anti crotyl (CH3 anti with respect to the central H-atom on the allyl), 4: dimethyl allyl, 

bis-PH3,, 5: dimethyl allyl, PH3-NH3. Complex 1-802 means: complex 1 with a bite angle of 8(F. 

3.3.13.3.1 Effect of the bite angle on the structure of complex 1 

Too study the effect of the bite angle on the Pd-allyl bond in complex 1, the P-Pd-P angle was constrained and 

changedd from 80 to 120° in steps of 10°. Selected results are presented in table 3. 

Forr all angles studied, the allyl remains bonded in a symmetric rf-fashion. Increasing the bite angle from 80 

too 120°, the Pd-C distances become longer and the C-C distances become shorter. The corresponding bond 

orderss change accordingly, indicating a shift of electron density from the region between the metal and the 

allyll  to the allyl moiety itself. The Pd-P distances decrease and the corresponding bond strengths increase. 

Thiss can be explained by the effect of the bite angle on the overlap of the ligand and the palladium orbitals 

(seee above). An increase of the bite angle results in a lowering of the a" level (the dxz orbital which interacts 

withh (p2 of the allyl) and an increase of the a' energy level (the spz orbital which interacts with (pi of the 

allyl).. This is in agreement with the calculated changes in bond strength. A decrease in the bonding and the 

backbondingg interactions will lead to decrease of the strength of the Pd-allyl bond and an increased C-C 

bondd strength. 

Thee Mulliken charges on the Pd atom and the PH3 groups change only littl e and suggest a slight shift of 

electronn density from PH3 to Pd. 
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Tablee 3: Values of some parameters of (PH3)2Pd(C3H5)
+ (1) and at different values of the bite angle, (q: 

Mullikenn charge in electrons, distances in A). 

paramete r r 

E E 

(kJ/mole ) ) 

d(ClC2 ) ) 

d(PdCl ) ) 

d(PdC2 ) ) 

d(PdP ) ) 

Z(P-Pd-P ) ) 

bo**  C1C 2 

bo**  PdC l 

bo**  PdC 2 

bo**  Pd P 

qCl l 

qC2 2 

qPd d 

qPH3 3 

qClH 2 2 

qC2H H 

q q 

Pd(PH3) 2 2 

qC3 H5 5 

1-80 ° ° 

-683039. 9 9 

1.42271 9 9 

2.22596 9 9 

2.23989 3 3 

2.51835 0 0 

80 0 

1.23647 4 4 

0.58495 7 7 

0.27975 5 5 

0.44165 3 3 

-0.494 6 6 

0.007 7 7 

0.030 1 1 

0.295 3 3 

0.045 5 5 

0.288 2 2 

0.620 8 8 

0.379 2 2 

1-90 ° ° 

-683057. 5 5 

1.42244 5 5 

2.23351 6 6 

2.24761 7 7 

2.47366 2 2 

90 0 

1.24279 2 2 

0.57555 1 1 

0.27099 2 2 

0.47387 6 6 

-0.496 4 4 

0.012 0 0 

0.003 6 6 

0.310 2 2 

0.042 9 9 

0.291 3 3 

0.623 8 8 

0.376 2 2 

1-100 ° ° 

-683063. 8 8 

1.42158 0 0 

2.24263 7 7 

2.25319 6 6 

2.45464 7 7 

100 0 

1.24853 2 2 

0.56716 2 2 

0.26254 3 3 

0.49249 6 6 

-0.491 5 5 

0.015 4 4 

-0.018 2 2 

0.317 0 0 

0.046 1 1 

0.293 4 4 

0.615 7 7 

0.384 3 3 

1-110 ° ° 

-683060. 6 6 

1.42134 2 2 

2.25074 8 8 

2.25940 3 3 

2.45237 6 6 

110 0 

1.25265 4 4 

0.56431 1 1 

0.25489 1 1 

0.49970 7 7 

-0.491 1 1 

0.017 3 3 

-0.021 8 8 

0.314 2 2 

0.049 0 0 

0.296 0 0 

0.606 3 3 

0.393 7 7 

1-120 ° ° 

-683049. 2 2 

1.41986 1 1 

2.26343 7 7 

2.26920 2 2 

2.46312 6 6 

120 0 

1.25760 8 8 

0.56100 4 4 

0.24573 8 8 

0.50095 2 2 

-0.493 8 8 

0.021 5 5 

-0.012 8 8 

0.306 7 7 

0.048 5 5 

0.300 2 2 

0.601 4 4 

0.398 6 6 

*:: bo = Mulliken bond order 

3.3.23.3.2 Frontier orbitals of thepalladium(ligand) fragment 

Becausee the charge on the Pd(PH3)2 fragment is closer to a value of +1 than to +2, the energy levels of the 

orbitalss involved in the Pd-allyl bond were calculated for the Pd(PH3)2 fragment bearing a charge of +1 

(doublet)) (table 4). 
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Tablee 4: Energy levels of involved frontier fragment orbitals of the Pd(PH3)2
1+ fragment (in Hartrees) 

orbital l 

Pd-7! ! 

Pd-G G 

1-80° ° 

0.58668 8 

0.71495 5 

1-90° ° 

0.61920 0 

0.72713 3 

1-100° ° 

0.63040 0 

0.73632 2 

1-110° ° 

0.62965 5 

0.74708 8 

1-120° ° 

0.60881 1 

0.75004 4 

AA direct comparison between the orbitals of the uncharged allyl moiety and the positively charged 

Pd(PH3)22
 + fragment is not useful, since in the complex the charges on both fragments are different from 

respectivelyy 0 and +1. The effect of the change in the energy levels of the Pd(PH3)2
1+ fragment on the Pd-

allyll  bond depends on the energy level of cpl and<p2 of the allyl moiety. 

Accordingg to Szabo'81, and as can be derived from the charge distribution in the complex, the energy level of 

cpll  is below that of the d« orbital of the Pd(PH3)2 fragment and the level of cp2 is in between the levels of dxz 

andd the spz (figure 7). An increase of the bite angle then results in a decrease of the bonding interaction 

betweenn cpl and spz and also in a decrease of the backbonding interaction between cp2 and dxz. In addition, 

thee bonding combination between cp2 and dxz will be located primarily on Pd whereas the corresponding 

antibondingg combination, the LUMO of the complex (2a" in figure 7), will be lower in energy and will be 

locatedd more on the allyl moiety. A larger bite angle of the ligand may therefore result in an enhanced 

reactivityy towards nucleophilic attack. 

3.3.33.3.3 Effect of bite angle on the geometry of substituted allyl moieties 

Inn the introduction it was shown that one or more substituents on one of the terminal carbon atoms of the 

allyll  distorts the symmetry of the Pd-allyl bond and a trend had been observed between this distortion and 

thee regioselectivity in the allylic alkylation (see also chapter 7). Therefore, we calculated the geometries for 

differentt bite angle values of (PH3)2Pd(syn-3-CH3-C3H4)
+ (2), (PH3)2Pd(anti-3-CH3-C3H4)+ (3), (PH3)2Pd(3,3-

(CH3)2-C3H3)
++ (4) and its P-N analogue (PH3)(NH3)Pd(3,3-(CH3)2-C3H3)

+ (5) (figure 9, see above). Selected 

resultss are presented in tables 5-8 and some derived parameters are presented in figures 10-13. 

Tablee 5: Heats of formation (in kJ / mole) of different complexes for different values of the bite angle. 

bite e 
angle e 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 

1 1 

-683039.9 9 
-683039.9 9 
-683039.9 9 
-683039.9 9 
-683039.9 9 

2 2 

-786163.6 6 
-786180.6 6 
-786186.0 0 
-786182.8 8 
-786171.5 5 

3 3 

-786153.9 9 
-786171.1 1 
-786176.9 9 
-786173.7 7 
-786162.5 5 

4 4 

-889275.9 9 
-889292.7 7 
-889297.7 7 
-889294.6 6 
-889284.4 4 

5 5 

-1015944.9 9 
-1015959.4 4 
-1015963.2 2 
-1015958.7 7 
-1015946.8 8 
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Tablee 6: Bond distances (A) in different complexes for different values of the bite angle. 

bit ee angl e 
d(PdCl ) ) 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
d(PdC2 ) ) 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
d(PdC3 ) ) 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
d(ClC2 ) ) 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
d(C2C3 ) ) 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 

1 1 

2.22596 9 9 
2.23351 6 6 
2.24263 7 7 
2.25074 8 8 
2.26343 7 7 

2.23989 3 3 
2.24761 7 7 
2.25319 6 6 
2.25940 3 3 
2.26920 2 2 

2.22596 9 9 
2.23351 6 6 
2.24263 7 7 
2.25074 8 8 
2.26343 7 7 

1.42271 9 9 
1.42244 5 5 
1.42158 0 0 
1.42134 2 2 
1.41986 1 1 

1.42271 9 9 
1.42244 5 5 
1.42158 0 0 
1.42134 2 2 
1.41986 1 1 

2 2 

2.19321 2 2 
2.19838 6 6 
2.20590 9 9 
2.20787 1 1 
2.21154 1 1 

2.24099 2 2 
2.24929 2 2 
2.25412 3 3 
2.26327 4 4 
2.27633 8 8 

2.29713 8 8 
2.31130 0 0 
2.32360 2 2 
2.34598 9 9 
2.38612 4 4 

1.42632 4 4 
1.42606 9 9 
1.42602 7 7 
1.42542 8 8 
1.42557 1 1 

1.42035 6 6 
1.41913 6 6 
1.41827 9 9 
1.41674 5 5 
1.41281 5 5 

3 3 

2.22086 6 6 
2.22759 6 6 
2.23390 4 4 
2.24173 3 3 
2.25240 5 5 

2.21583 2 2 
2.22127 2 2 
2.22587 5 5 
2.23292 6 6 
2.24197 2 2 

2.28216 1 1 
2.29061 6 6 
2.30232 4 4 
2.31625 6 6 
2.33704 6 6 

1.42452 6 6 
1.42486 8 8 
1.42246 4 4 
1.42169 8 8 
1.42109 9 9 

1.42773 0 0 
1.42686 8 8 
1.42680 3 3 
1.42531 5 5 
1.42401 3 3 

4 4 

2.18690 3 3 
2.19047 8 8 
2.19544 0 0 
2.19625 4 4 
2.19118 0 0 

2.21706 9 9 
2.22580 1 1 
2.23416 8 8 
2.24290 3 3 
2.25970 6 6 

2.37390 7 7 
2.39677 1 1 
2.42485 7 7 
2.45677 6 6 
2.52706 2 2 

1.42716 9 9 
1.42848 8 8 
1.42844 7 7 
1.42832 2 2 
1.43032 4 4 

1.42541 1 1 
1.42417 0 0 
1.42186 1 1 
1.41940 2 2 
1.41556 6 6 

5 5 

2.16509 2 2 
2.16909 3 3 
2.17185 1 1 
2.17246 4 4 
2.16857 0 0 

2.20806 3 3 
2.21407 2 2 
2.22354 6 6 
2.23519 5 5 
2.25339 1 1 

2.35685 3 3 
2.36894 7 7 
2.39411 3 3 
2.43429 9 9 
2.49963 5 5 

1.43079 6 6 
1.43058 4 4 
1.43316 5 5 
1.43441 4 4 
1.43627 1 1 

1.42557 1 1 
1.42335 0 0 
1.42112 6 6 
1.41774 0 0 
1.41316 5 5 
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Tablee 7: Mulliken bond orders in different complexes for different values of the bite angle. 

bit ee angl e 
PdCl l 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
PdC2 2 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
PdC3 3 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
C1C2 2 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
C2C3 3 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 

1 1 

0.58495 7 7 
0.57555 1 1 
0.56716 2 2 
0.56431 1 1 
0.56100 4 4 

0.27975 5 5 
0.27099 2 2 
0.26254 3 3 
0.25489 1 1 
0.24573 8 8 

0.58495 7 7 
0.57555 1 1 
0.56716 2 2 
0.56431 1 1 
0.56100 4 4 

1.23647 4 4 
1.24279 2 2 
1.24853 2 2 
1.25265 4 4 
1.25760 8 8 

1.23647 4 4 
1.24279 2 2 
1.24853 2 2 
1.25265 4 4 
1.25760 8 8 

2 2 

0.61104 8 8 
0.60060 7 7 
0.59529 1 1 
0.59491 2 2 
0.59536 0 0 

0.28868 0 0 
0.27950 5 5 
0.27298 9 9 
0.26398 6 6 
0.25457 2 2 

0.52557 5 5 
0.50964 7 7 
0.50267 6 6 
0.49134 3 3 
0.47243 9 9 

1.20283 8 8 
1.20584 1 1 
1.21022 3 3 
1.21151 1 1 
1.20956 1 1 

1.28846 2 2 
1.29847 2 2 
1.30412 3 3 
1.31380 4 4 
1.32892 5 5 

3 3 

0.59125 4 4 
0.58083 9 9 
0.57560 0 0 
0.57156 4 4 
0.56809 0 0 

0.30399 8 8 
0.29585 6 6 
0.28824 4 4 
0.27967 2 2 
0.27075 9 9 

0.54153 7 7 
0.52869 4 4 
0.52279 0 0 
0.51625 3 3 
0.50824 0 0 

1.23375 5 5 
1.23802 7 7 
1.24197 6 6 
1.24665 1 1 
1.25065 6 6 

1.22576 3 3 
1.23424 6 6 
1.24051 2 2 
1.24744 1 1 
1.25485 9 9 

4 4 

0.62143 6 6 
0.61376 6 6 
0.60835 5 5 
0.60789 5 5 
0.61656 0 0 

0.31706 8 8 
0.30890 1 1 
0.30113 1 1 
0.29156 9 9 
0.28036 5 5 

0.47175 3 3 
0.45314 6 6 
0.43508 3 3 
0.41997 5 5 
0.38900 3 3 

1.19862 9 9 
1.19909 7 7 
1.19996 0 0 
1.19908 5 5 
1.19138 0 0 

1.24988 7 7 
1.26283 1 1 
1.27384 2 2 
1.28661 3 3 
1.31102 9 9 

5 5 

0.67202 6 6 
0.66504 2 2 
0.66414 4 4 
0.66737 4 4 
0.67536 9 9 

0.32004 3 3 
0.31048 9 9 
0.30173 0 0 
0.29195 1 1 
0.27838 5 5 

0.49897 5 5 
0.48278 0 0 
0.46354 3 3 
0.44314 6 6 
0.40766 3 3 

1.18456 1 1 
1.18563 2 2 
1.18251 6 6 
1.17911 0 0 
1.17016 4 4 

1.25827 7 7 
1.27073 0 0 
1.28622 2 2 
1.30434 5 5 
1.33196 6 6 
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Tablee 8: Mulliken charges (electrons) for different complexes for different values of the bite angle. 

bitee angle 
CI I 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
C2 2 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
C3 3 
80° ° 
90° ° 
100° ° 
110° ° 
120Q Q 

C1H2 2 

80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
C2H H 
80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
C3H2 2 

80° ° 
90° ° 
100° ° 
110° ° 
120° ° 
PdL2 2 

80° ° 
90° ° 
100° ° 
110° ° 
120° ° 

1 1 

-0.4946 6 
-0.4964 4 
-0.4915 5 
-0.4911 1 
-0.4938 8 

0.0077 7 
0.0120 0 
0.0154 4 
0.0173 3 
0.0215 5 

-0.4946 6 
-0.4964 4 
-0.4915 5 
-0.4911 1 
-0.4938 8 

0.0455 5 
0.0429 9 
0.0461 1 
0.0490 0 
0.0485 5 

0.2882 2 
0.2913 3 
0.2934 4 
0.2960 0 
0.3002 2 

0.0455 5 
0.0429 9 
0.0461 1 
0.0490 0 
0.0485 5 

0.6208 8 
0.6238 8 
0.6157 7 
0.6063 3 
0.6014 4 

2 2 

-0.5139 9 
-0.5138 8 
-0.5119 9 
-0.5119 9 
-0.5098 8 

-0.0682 2 
-0.0628 8 
-0.0661 1 
-0.0643 -0.0643 
-0.0668 8 

-0.1006 6 
-0.0954 4 
-0.1035 5 
-0.0992 2 
-0.0907 7 

0.0216 6 
0.0215 5 
0.0217 7 
0.0229 9 
0.0264 4 

0.2120 0 
0.2172 2 
0.2128 8 
0.2143 3 
0.2119 9 

0.1574 4 
0.1627 7 
0.1570 0 
0.1636 6 
0.1754 4 

0.5634 4 
0.5566 6 
0.5703 3 
0.5628 8 
0.5513 3 

3 3 

-0.5126 6 
-0.5094 4 
-0.5114 4 
-0.5110 0 
-0.5111 1 

-0.0648 8 
-0.0593 3 
-0.0596 6 
-0.0615 5 
-0.0595 5 

-0.1413 3 
-0.1397 7 
-0.1449 9 
-0.1390 0 
-0.1341 1 

0.0181 1 
0.0209 9 
0.0176 6 
0.0201 1 
0.0229 9 

0.2141 1 
0.2186 6 
0.2178 8 
0.2162 2 
0.2190 0 

0.1153 3 
0.1155 5 
0.1089 9 
0.1136 6 
0.1189 9 

0.5743 3 
0.5664 4 
0.577 7 
0.5709 9 
0.5586 6 

4 4 

-0.5260 0 
-0.5270 0 
-0.5252 2 
-0.5258 8 
-0.5292 2 

-0.1601 1 
-0.1623 3 
-0.1678 8 
-0.1672 2 
-0.1815 5 

-0.3050 0 
-0.3099 9 
-0.3240 0 
-0.3312 2 
-0.3484 4 

-0.0000 0 
-0.0029 9 
-0.0019 9 
-0.0018 8 
-0.0031 1 

0.1181 1 
0.1152 2 
0.1097 7 
0.1102 2 
0.0965 5 

0.5277 7 
0.5345 5 
0.5282 2 
0.5233 3 
0.5251 1 

5 5 

-0.5251 1 
-0.5266 6 
-0.5286 6 
-0.5302 2 
-0.5345 5 

-0.1612 2 
-0.1654 4 
-0.1680 0 
-0.1760 0 
-0.1871 1 

-0.3056 6 
-0.3102 2 
-0.3120 0 
-0.3234 4 
-0.3414 4 

-0.0085 5 
-0.0126 6 
-0.0155 5 
-0.0159 9 
-0.0191 1 

0.1154 4 
0.1102 2 
0.1075 5 
0.1000 0 
0.0889 9 

0.557 7 
0.5678 8 
0.5775 5 
0.5776 6 
0.5824 4 
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-synC4H7(2) ) 

-antii C4H7(3) 

-C5H9,, PP (4) 

-C5H9,, PN (5) 

80 0 90 0 100 0 

bit ee angl e 

110 0 120 0 

Figuree 10: Palladium - terminal-allylic-carbon distances in complexes 2-5 for various bite angles: d(PdC3)-

d(PdCl). . 

-synC4H7(2) ) 

-antii C4H7(3) 

-C5H9,, PP (4) 

-C5H9,, PN(5) 

bit ee angl e 

Figuree 11: Carbon-carbon distances in complexes 2-5 for various bite angles: d(ClC2) - d(C2C3). 
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Figuree 12: Charges on terminal allylic carbon atoms in complexes 2-5 for various bite angles: q(C3)-q(Cl). 
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Figuree 13: Fragment charges on terminal allylic carbon atoms in complexes 2-3 for different bite angles: 

q(C3H2)-q(ClH2),, for complexes 4-5 q(C3)-q(ClH2). 

Independentt of the allyl moiety (1-5), the energy minima of the complexes are found for a bite angle around 

100°° (table 5). The substituted allyl complexes 2-5 show a slight distortion of the Pd-allyl bond from pure r\3 

too T|'-T|2 (tables 6 and 7, figures 10 and 11). The Pd-Cl bond distance is shorter than the Pd-C3 distance 

(tablee 6, figure 10) and the C1C2 distance increases while the C2C3 distance decreases (table 7, figure 11). 

Thee trend towards T]]-r\2 is strong for the dimethyl substituted complex 4 and relatively weak for the anti-

complexx 3. The above effects increase when the bite angle is larger and when the allyl bears more 

substituents.. For all structures, the substituted C3 atom is less negatively charged than the non-substituted CI 
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atomm (table 8, figures 12 and 13). The calculations, therefore, confirm the trends proposed by Akermark 

(sectionn 3.2).|6] 

Inn the following sections, the effect of the bite angle on the bonding is discussed, followed by an analysis of 

thee differences between the use of a syn- and an anti-crotyl moiety, and between the use of PH3-NH3 and 

PH3-PH33 complexes. 

3.3.43.3.4 Frontier orbitals of the substituted ally! moiety 

Ass discussed in section 3.3.2, a comparison of the energy levels of frontier orbitals of the allyl moiety with 

thosee of the cationic palladium fragment is not useful. Nevertheless, a comparison of the energy levels of the 

variouss allyl moieties may give more insight in the reactivity towards nucleophiles. Because the Mulliken 

chargee on the allyl moiety is close to zero the energy levels of the involved frontier orbitals of the various 

unchargeduncharged allyl moieties (taken from the optimized structures of 1, 2, 3, 4-120) are compared (table 9). 

Tablee 9: Energy levels (in Hartrees) of the frontier orbitals of different allyl moieties. The calculations were 

performedd on allyl0 fragments (doublet) taken from the optimized geometries of the corresponding 

complexes. . 

frontier r 
orbital l 
cpl l 
cp2 2 
cp3 3 

C3H55 (1) 

-0.28347 7 
-0.07742 2 
0.03062 2 

synn 3-CH,-
C3H44 (2) 
-0.27199 9 
-0.06592 2 
0.04160 0 

antii  3-CH3-
C3H44 (3) 
-0.27003 3 
-0.06784 4 
0.04228 8 

3,3-(CH3)2--
C3H33 (4) 
-0.26359 9 
-0.06207 7 
0.05150 0 

Thee energy difference between the non-occupied (p3 level and the single-occupied (f)2 level is about half the 

differencee between the (pi and the (p2 level. Substitution of the allyl moiety leads to an elevation of all 

energyy levels, but mainly of the occupied (pi level. These results partly confirm the polarization of the 

frontierr orbitals on the allyl moiety upon substitution mentioned in the introduction. A mixing of (pi and q>2 

wouldd lead to an increase of the energy level of the lowest level, and a decrease of (p2, which is indeed 

observed.. The increases of the (p3 energy level, however, cannot be explained by mixing of the allyl 

fragmentt orbitals. 

Comparingg these results with the orbital interaction diagram presented in figure 7, shows that a lowering of 

thee cpl energy level leads to an increase of the bonding interaction between the (pi and Pd-spz. Analogously, 

thee decrease of the <p2 level leads to an increase of the interaction between (p2 and Pd-dxz. Furthermore, the 

interactionn between (p3 and Pd-spz will decrease, leading to a lowering of the 2a' level. However, for the 

phosphinee complexes used in the experimental chapters, only nucleophilic attack on CI and C3 was 

observed,, indicating that the interaction of the nucleophile with the 2a" level leads to the alkylation product. 

36 6 



DFTDFT study of the distortion of the Pd(rf-allyl) bond. 

Ass stated in the introduction, an increase of the bite angle leads to a decrease of the a" level and the effect on 

thee level of the LUMO of the complex, 2a" depends on the relative changes in energy of the involved a" and 

cp22 orbitals. The most important feature with respect to the reactivity therefore appears to be the polarization 

off  the (p2 orbital, that determines the orbital coefficients of CI and C3 in the LUMO of the complex. 

Nevertheless,, the bite angle has a clear effect on the structure and charge distribution in the complexes. This 

cann be explained by the non-zero orbital coefficient on C2 in the q>2 orbital, causing a stabilizing interaction 

betweenn the pz orbitals on C2 and C3 and consequently an enhanced double bond character between C2 and 

C3.. Increasing the bite angle from 80° to 120°, both the bonding and the backbonding interaction decrease. 

Duee to the larger angular dependence of the overlap of the ligand orbital with Pd-dxz compared to Pd-spz, the 

effectt on the backbonding is more pronounced than the effect on the bonding interaction. The decrease of the 

bondingg interaction leads to an enhanced interaction between the pz orbitals on CI, C2 and C3. The decrease 

off  the backbonding interaction, however, leads to an antibonding interaction between CI and C2. These two 

effectss lead to an enhanced double bond character between C2 and C3. The allyl will adapt its geometry, 

whichh enhances the T| L-T|2 bonding fashion. Thus, the overall bite angle effect is a result of both the 

polarizationn of the frontier orbitals on the allyl fragment and of the bite angle effect on the energy levels of 

thee Pd fragment. 

Thesee considerations are confirmed by comparing the non- (1), mono- (2) and disubstituted (4) allyl 

moieties.. The Pd-Cl distance decreases and the Pd-C3 distance increases going from 1 to 4; the C1-C2 

distancee increases and the C2-C3 distance decreases. Thus, going from 1 to 4, the V-rf-character °f tne Pd-

allyll  bond increases. 

3.3.53.3.5 Syn and anti crotyl (2 and 3) 

Monosubstitutedd allyl moieties are useful substrates for the enantioselective alkylation, since attack on C3 

resultss in a stereogenic carbon atom. It is known that the monosubstituted (crotyl)Pd complex can exist as 

twoo isomers, syn and anti (figure 9, see above)."31 Because nucleophilic attack on the C3 atom in the syn and 

thee anti isomer leads to the formation of the opposite enantiomers, insight in the factors governing the 

regioselectivityy for the syn and anti isomer is of great importance. 

Abb initio studies by Szabo showed a lower heat of formation for the syn complex.181 This was explained by 

thee trans configuration of the C2C3 bond and an additional stabilizing interaction between the o*  orbital of a 

C-HH bond of the CH3 with the allyl frontier orbitals. The T|3-bonding of the syn-crotyl to the palladium was 

foundd to be less distorted than the Pd(anti-crotyl) bond. 

Ourr DFT calculations also show that the heat of formation of the syn isomer 2 is lower than that of the anti 

isomerr 3. In contrast to the reported ab initio studies, we found a more distorted geometry of the Pd-crotyl 

bondd for the syn than for the anti isomer. Moreover, we did not find an energy minimum for the syn-crotyl-

geometryy obtained from the ab initio calculations. The geometry we found resembles an X-ray crystal 
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structuree we obtained for (syn-crotyl)Pd(dppf)OTf "51 and therefore our DFT calculations seem more 

trustworthyy than the reported ab initio calculations. 

Bothh the syn complex 2 and the anti complex 3 show a distortion from xy to r) -r| . Compared to complex 3, 

thee Pd-Cl distance is shorter and the bond is stronger in complex 2 and the Pd-C3 distance is longer and the 

bondd is weaker in complex 2. An analogous pattern is observed in the allylic CC bonds. The C1-C2 distance 

iss longer and the bond is weaker in 2, and the C2-C3 distance is shorter and stronger in 2. Remarkably, for 

thee anti-isomer, the C2-C3 bond is longer than the C1-C2 bond and they are of similar strength. The low 

double-bond-characterr in the C2-C3 bond is reflected in the orientation of the CH3 group with respect to the 

CCCC plane. Whereas the methyl group in the syn isomer 2 is almost located in the CCC plane (dihedral angle 

== 175.9° (2-120fi), in the anti complex 3, the dihedral angle of the methyl with the allyl CCC plane is much 

smallerr (145.3- in 3-1202), indicating a shift of hybride character from sp2 to sp3 on the C3 atom. The 

polarizationn of the frontier orbitals of the crotyl fragment is therefore expected to be more pronounced in the 

syn-isomerr 2 than in the anti-isomer 3. These structural features hardly change when the bite angle is varied 

from80Btoo 120°. 

Thee distribution of the Mulliken charge on the allyl reflects the differences in the geometries. The charge on 

CII  is more negative and the charge on C3 more positive in the syn complex 2. Remarkably, for both 2 and 3, 

thee charge on C3 is significantly more positive than in the non substituted (1) and the disubstituted 

complexess (4 and 5). 

Basedd on our calculations, it is expected that for both complexes, the nucleophilic attack will preferentially 

takee place at the C3 atom and that this regioselectivity might be more pronounced for attack on the syn 

isomer.. The enhanced sp3 character on the C3 atom, found in the modeling of the anti complex 3, may also 

contributee to a preference for attack on this carbon atom. In the alkylation product, the attacked carbon ends 

upp as sp3 hybridized. Attack on C3 of the anti-crotyl in 3 will include a smaller shift of electron density and a 

smallerr rearrangement of atoms than attack on C3 of the syn-crotyl 2. Since the ab initio studies report the 

contraryy result (a less distorted bond for the syn-crotyl),[81 it is hard to predict what experimentally may be 

found.. Our experimental studies show (chapter 4-5), that the syn isomer reacts mainly via attack on CI, 

whereass the anti isomer reacts mainly via attack on C3. 

3.3.63.3.6 Effect of two different donor atoms, PN (5) instead ofPP (4) 

Too study the effect of the well known difference in trans-influence between a PH3 and a NH? ligand, we 

replacedd the PH3 trans to CI in the dimethyl complex 4 by NH3. NMR studies showed that this trans isomer 

(PH33 trans to the substituted C3 atom) is favored over the corresponding cis isomer (chapter 6). The 

calculationss show that the distortion of the Pd-allyl bond is slightly more pronounced compared to the P-P 

analoguee 3 (tables 6-8). The Pd-Cl distance is shorter and the bond is stronger than in 4. The Pd-C3 distance, 

however,, is also shorter and stronger than in 4. Thus, the Pd-allyl bond has slightly more r|'- and slightly less 

n,2-character.. On the other hand, the CC distances in the allyl moiety show a slightly more pronounced non-
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symmetry.. The C1-C2 distance is longer and the bond is weaker than in 4 and the C2-C3 distance is shorter 

andd the bond is stronger than in 4. The Mulliken charge distribution in the complex shows the same pattern; 

thee charge on C1 is more negative than in 4 and the charge on C3 is slightly less negative. 

Too gain insight in the origin of the enhanced non-symmetry, the molecular orbitals of the Pd(PH3)(NH3)
1+ 

fragmentt were calculated. In contrast to the analogous Pd(PH3)2
1+ fragment, the occupied Pd-7t (to combine 

withh (p2) and unoccupied Pd-G orbital (to combine with (pi) could not be assigned. The presumably involved 

Pd-7tt orbital (the HOMO) is significantly lower in energy than the corresponding orbital in the Pd(PH3)2
1+ 

fragmentt and the coefficients on the relevant orbitals are significantly smaller. Because of the different 

responsee of N compared to P to the 1+ charge on the Pd-fragment, a comparison of the energy levels 

betweenn the different Pd-fragments is not useful. The identification of the involved Pd-o orbital is more 

difficult ,, since the fragment has several unoccupied fragment molecular orbitals that are close in energy, 

mostt of them having significant Pd-s or Pd-p character. Several of these potential Pd-a orbitals are well 

beloww the energy level of the Pd-a orbital of the Pd(PH3)2
1+-fragment, so even a linear combination of these 

orbitalss would lead to a relatively low lying Pd-a orbital. 

Therefore,, it is difficult to estimate the overall effect on going from Pd(PH3)2
I+ to Pd(PH3)(NH3)

1+. The 

energyy levels of the orbitals involved in both the bonding and the backbonding interactions are significantly 

lowerr in energy. Indeed, the Pd fragment in the complex bears less positive charge than the corresponding 

Pd(PH3)2
RR fragment; a relatively large electron density is found on the NH3 ligand. A more detailed analysis 

off  the bonding in the Pd(PH3)(NH3)(allyl)1+ complex and the effect of the bite angle thereupon is beyond the 

scopee of this thesis. 

3.44 Conclusions and aim of the chapters on allyli c alkylation 

Thee DFT calculations of (allyl)Pd(Ll)(L2)+ complexes in this chapter were focused on the effect of 

substituentss on the allyl, ligand donor atoms and the bite angle (Ll-Pd-L2 angle). It was shown that for 

substitutedd allyl groups, the Pd-allyl bond is distorted from r|3 to T\^-r\2. The distortion of the Pd-allyl bond 

cann be described as follows: 

1)) a longer C1C2 distance relative to the C2C3 distance 

2)) a lower C1C2 bond order compared to the C2C3 bond order 

3)) a shorter PdCl distance relative to the PdC2 and PdC3 distances 

4)) a higher PdCl bond order compared to the PdC2 and PdC3 bond orders 

5)) a more positive Mulliken charge on C3 is compared to CI. 

Thiss distortion is more pronounced when: 

a)) the allyl is substituted with a CH3 on one of its terminal carbon atoms 

b)) there are two substituents on C3 instead of one 
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c)) the bite angle is larger 

d)) the PH3 cis to C3 is replaced by NH3. 

Thee respective effects can be explained as follows: 

add a) the substituent(s) on the allyl group cause(s) polarization of the frontier orbitals of the allyl moiety and 

moree specifically, an increase of the 2pz-coefficient of C3 in the 2a" (LUMO) level of the complex. 

add b) an enhanced effect of a) 

add c) a change in the energy levels of the frontier orbitals of the palladium fragment: a bell shaped 

dependencee is found for the Pd-Jt orbital and a steady increase is found for the Pd-a orbital 

add d) a decrease in the energy difference between the involved frontier orbitals of the palladium fragment 

add e) a combination of a) - d). 

3.4.13.4.1 Implications for the regio selectivity of nudeophilk attack 

Iff  the regioselectivity of the allylic alkylation is determined by an early transition state mechanism, it can be 

expectedd that alkylation of all substituted allyl moieties studied in this chapter lead to at least a significant 

percentagee of the branched product. A relatively high selectivity is expected for the dimethyl substituted 

allyl,, especially using P-N ligands. Based on the modeling studies, the relative regioselectivity arising from 

thee syn and the anti crotyl group is hard to predict. If the non-symmetry of the syn isomer is less pronounced 

thann the DFT calculations suggest, the regioselectivity of alkylation of the anti-isomer may be higher. If the 

partlyy sp hybridization on C3 of the anti-isomer does not contribute to the regioselectivity, the 

regioselectivityy may be higher for the syn-isomer. 

3.4.23.4.2 Aim of the chapters on allylic alkylation 

Inn the following chapters, the aforementioned predictions will be investigated experimentally. In the first part 

(chapterss 4 and 5), the effect of one methyl substituent is studied by using crotyl (C4H7) complexes of a 

seriess of bidentate phosphine ligands varying in bite angle. The second part (chapter 6) deals with the allylic 

alkylationn of a series of crotyl and cinnamyl (C9H9) complexes using P-N ligands. In the third part (chapter 

7),, the steric effect of the ligand on the solid state structure of a series of [3,3-(CH3)2-C3H3] complexes is 

studiedd in detail using X-ray crystallography. In the fourth part (chapter 8), the effect of different donor 

atomss is investigated using various wide-bite-angle-ligands based on the xanthene backbone. Finally, the 

hypothesiss is evaluated in chapter 9. 
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3.55 Experimental section 

Thee calculations were performed using the Gaussian98 program1141, using the hybrid B3LYP functional1161 

andd the LANL2DZ basis set on all atoms. For palladium this basis set consists of the small core ECP of Hay 

andd Wadt with a [341/321/31] contracted valence set.'171 

Thee reported data for the complexes were taken from the optimized structures. 
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