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AbstractÐB3LYP-computations of (Cl2)(PH3)Pd±alkene complexes reveal a distinct preference for arrangements with trans-phosphine
situated allylic chlorine atoms (e.g. for E-2-chloro-pent-3-ene 1.6 kcal/mol in the gas phase and 1.5 kcal/mol in THF solution). Geometrical
analyses show that Pd±alkene complexes with trans-phosphine positioned allylic chlorine atoms exhibit more strongly evolved allylic
character than the analog cis-phosphine complexes. These differentiations, caused by the Pd-ligands (i.e. Cl2, PH3), represent electronic
origins for memory effects in Pd-catalyzed allylic substitutions. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Memory effects in Pd-catalyzed allylic substitutions1 are
intriguing phenomena.2 Symmetrically substituted allylic
substrates (such as 1) loose normally stereochemical
information in Pd-catalyzed substitutions. After formation
of Pd±alkene complexes (2) and ionization to meso-inter-
mediates (3, L1�L2, e.g. PPh3), nucleophilic attack to a- and
g-positions yields racemic substitution products (4, Scheme
1).

Conservation of chirality might occur, however, with differ-
ent ligands at Pd (L1±L2) and con®gurational stability of the
chiral Pd±allyl complex 3.

Increased formations of a-allylic products have been
observed in some cases.3 This a-memory effect was
explained by the formation of `intimate ion pairs' between
3 and the leaving nucleofuge Nf2, which guide the attacking
nucleophile Nu2 to Ca, rather than to Cg.

4 Alternatively, the
allyl formation step (2!3) may determine the stereo-

chemistry of 4 if rearrangements in 3 were suppressed:5

Steric effects of the ligands (L1, L2) result in torquo-selec-
tivity in the Pd±allyl complex formation (2!3).6 Electronic
differentiations between Pd-ligands (L1±L2, Scheme 1)
likewise in¯uence Pd±allyl complex formation (2!3),7

but steric and electronic effects are hard to separate.8

To assess the pure electronic differentiations in alkene±
palladium complexes, we here study structures and energies
of 2-chloro-pent-3-ene Pd-complexes (2, R�Me, L1�PH3,
L2�Cl2) computationally.9 Chloride serves as a model
nucleofuge (Nf, Scheme 1).

Results and Discussion

B3LYP optimized E-2-chloro-pent-3-ene Pd-complexes
(Fig. 1) show the relative 5trans.5cis.6trans.6cis order
in stability (Table 1). Arrangements, which yield after the
loss of Cl2 syn±anti allyl-complexes (6trans, 6cis), are
disfavored relative to syn±syn precursors (5trans, 5cis).10
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Scheme 1. Pd-catalyzed allylic substitution.
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A preference of the allylic chlorine atom in a trans-PH3

position is clearly apparent (5trans vs. 5cis: 1.59 kcal/mol,
Table 1). The same disposition for trans-PH3 arrangements
of allylic chlorine atoms also appears in the Z-2-chloro-
pent-3-ene Pd-complexes 7trans and 7cis (1.63 kcal/mol,
Fig. 1, Table 1).

The trans-phosphine preference of allylic nucleofuges (e.g.

Cl2) in Pd±alkene complexes can be rationalized by
resonance structures shown in Scheme 2. The developing
positive charge is better stabilized by the p-electron
donating Cl2-ligand than by the sp-acceptor PH3.

11

The trans-phosphine preference of the leaving nucleofuge
(Cl2) in 5trans corresponds with the favored trans-
phosphine attack of nucleophiles to Pd±allyl complexes.8,12

Figure 1. B3LYP/6-311Gp(C,H), LanL2DZdp-ECP (Pd, P, Cl) optimized structures.

Table 1. Total energies (au), zero point energies (ZPE, kcal/mol) and relative energies (kcal/mol) of optimized E- and Z-2-chloro-pent-3-ene Pd-complexes
(Fig. 1) (B3LYP/6-311Gp (C, H), LanL2DZdp with ECP (Pd, P, Cl). All structures were fully optimized and characterized as minima by frequency
calculations)

5trans 5cis 6trans 6cis 7trans 7cis

2361.08603 2361.08330 2361.08210 2361.08166 2361.08397 2361.08110
97.35 97.23 97.44 97.39 97.54 97.37
0.0 1.59 2.56 2.78 0.0 1.63
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As a consequence of the trans-PH3 arrangement, the allylic
character is signi®cantly more developed in the trans-struc-
tures of the E- and Z-ole®n complexes (5trans and 7trans)
than in their cis-PH3 analogs (5cis, 7cis, Fig. 1). This effect
is apparent geometrically from longer Ca±Cl (e.g. 2.07 AÊ in
5trans vs. 2.059 AÊ in 5cis) and Cb±Cg distances (e.g.
1.422 AÊ in 5trans vs. 1.402 AÊ in 5cis) and shorter Ca±Cb

bond distances (e.g. 1.461 AÊ in 5trans vs. 1.462 AÊ in 5cis
Fig. 1) in structures with trans-PH3 arranged chlorine atoms.

For an analysis of solvent effects, energies of Pd±alkene
complexes were computed with extended basis sets and
with Tomasi's Polarized Continuum Model (PCM) for the
polar solvent THF (e�7.6, Table 2). In the gas phase, no
signi®cant effect of increased C, H basis sets (i.e. 6-311Gp,
Table 1 vs. 6-31111Gpp, Table 2) on the relative energies
of the Pd±alkene complexes is apparent. The polar solvent
THF stabilizes 5cis, 6trans and 6cis relative to 5trans as
well as 7cis relative to 7trans (Table 2). However, the
relative order of gas phase energies is retained in polar
medium and the preference for arrangements with trans-
phosphine situated allylic chlorine atoms is apparent also
in THF (e.g. 1.49 kcal/mol for 5trans vs. 5cis, Table 2).

Conclusions

These studies show that the electronic differentiation of
Pd-ligands (e.g. phosphines vs. chloride)13 in alkene
complexes can result in distinct preferences of trans-phos-
phine situated allylic nucleofuges (e.g. Cl2), both in the gas
phase and in polar solvents. Allylic nucleofuges stronger
than Cl2 (e.g. carbonates) should increase these geometrical
dispositions even more and might provide the basis for
strong memory effects.

Computational Details

All structures were fully optimized with the B3LYP hybrid
DFT method14 in C1 symmetry and were characterized as
minima by frequency calculations.15 For optimizations and
frequency computations the 6-311Gp basis set was
employed for the C and H atoms. The LanL2DZ-ECP

basis sets16 were augmented with diffuse s-, p- (Cl, P, Pd)
and d- (Pd) functions (addition of outermost function multi-
plied by 0.25) and polarization d-functions for Cl (exp.
0.514), P (exp. 0.34) and a f-function for Pd (exp.
1.472).17 Tomasi's Polarized Continuum Model (PCM-
SCRF) was employed for solvent computations (THF,
e�7.6).18
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