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Abstract: A quantitative two-term de-
scription of memory effects arising in
Pd-catalysed allylic alkylation reactions
formally proceeding through �meso�-
type �-allylpalladium intermediates is
presented. The utility of this description
(stereochemical convergence (sc) and
global enantiomeric excess (eeg)) is
demonstrated by application to a series
of Pd-catalysed allylic alkylation reac-
tions involving racemic cyclopentenyl
esters. Analysis of such reactions, by
employing a range of enantiomerically
pure monophosphine ligands, reinforces
the conclusion that selectivities (enan-
tiomeric excess (ee) values) obtained
under standard �benchmark� type condi-

tions may be very misleading when
powerful memory effects are operative.
However, by comparison of sc and ee for
a given ligand/solvent combination un-
der a range of related conditions, one
may predict the limiting (�latent�) selec-
tivity that will be obtained when the
memory effect is negated. This techni-
que is exemplified with one particular
ligand (4 b, �MAP�) for which a number
of strategies were employed to find

conditions that negate the memory ef-
fect and reveal the limiting selectivity of
the ligand. These conditions give a high-
er limiting global selectivity than that
obtainable by using standard diaster-
eoisomer equilibration methods such as
added halide. Thus, the analysis of sc
versus eeg also allows subtle changes in
selectivity to be discerned. The differ-
ence in limiting selectivity (chloride
versus non-chloride conditions) is pro-
posed to arise through the nucleophilic
attack of neutral monodentate versus
cationic bidentate MAP (4 b) or MOP
(4 a) complexes.
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Introduction

Over the last decade, asymmetric palladium-catalysed allylic
alkylation[1] has become a ubiquitous method for testing and
comparing (�benchmarking�) the efficacy of novel chiral
ligands. Popular substrates for such reactions are those that

generate allylic intermediates in which there is identical 1,3-
substitution, such that the �-allylpalladium intermediate
contains a �meso� allyl fragment that is desymmetrised by
the chiral Pd-ligand assembly. Both enantiomers of substrate
should generate the same set of equilibrating intermediates
and thereby, under the influence of a perfect ligand, facilitate
the generation of a single enantiomer of product from a
racemic substrate (Scheme 1).

Scheme 1. An allylic alkylation reaction involving a racemic, symmetri-
cally disubstituted and thus pro-meso, electrophile in which a chiral Pd-
catalyst ™L1-L2-Pd∫ generates a fully equilibrated set of intermediates and
effects complete control over the regioselectivity of nucleophilic attack,
thereby giving the substitution product in 100 % ee.

[a] Dr. G. C. Lloyd-Jones, Dr. I. J. S. Fairlamb
The Bristol Centre for Organometallic Catalysis
School of Chemistry, University of Bristol
Cantock×s Close, Bristol BS8 1TS (UK)
Fax: (�44) 117/929 8611
E-mail : guy.lloyd-jones@bris.ac.uk

ijsf1@york.ac.uk

[b] Dr. I. J. S. Fairlamb
Current address: Department of Chemistry
University of York
Heslington, York,YO10 5DD (UK)

[c] Dr. Sœ. Vyskocœil, Prof. Dr. P. Kocœovsky¬
Department of Chemistry
Joseph Black Building, University of Glasgow
Glasgow, G12 8QQ (UK)
E-mail : stepanv@natur.cuni.cz

p.kocovsky@chem.gla.ac.uk

[d] Dr. Sœ. Vyskocœil
Department of Organic Chemistry
Charles University, 128 40
Prague 2 (Czech Republic)

FULL PAPER

Chem. Eur. J. 2002, 8, No. 19 ¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0819-4443 $ 20.00+.50/0 4443



FULL PAPER G. C. Lloyd-Jones et al.

¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0819-4444 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 194444

The two most commonly employed substrates are racemic
1,3-diphenylpropenyl esters and cycloalk-2-enyl esters. Be-
cause of the importance of torquoselectivity[2] in the product-
determining step, the latter substrates, which generate slim
cyclic (anti,anti-allyl) intermediates, provide a significantly
more challenging testing ground for ligand efficacy. The use of
a chiral but racemic substrate adds the complication that the
catalyst may react with the two enantiomers of substrate in an
enantiodiscriminatory manner (i.e. be �matched and mis-
matched�). In the simplest case, one enantiomer may be
converted faster than the other (i.e. kinetic resolution occurs)
but due to the generation of �meso� intermediate(s) the
enantiomeric excess (ee) of the product is the same irrespec-
tive of its enantiogenesis. However, it was reported by Fiaud
and Malleron some 20 years ago[3] that with certain catalysts,
the two enantiomers of substrates may give products of
different enantiomeric excess (X %, Y %, Scheme 2).

Scheme 2. The same type of reaction as in Scheme 1, but in which there is
an imperfect memory effect and thus enantiomeric substrates give products
of different enantiomeric excess.

This phenomenon, or more generally, the situation in which
reaction of isomeric allylic substrates does not obey the
classical mechanism to give identical product ratios, has
become known as a �memory effect�. More recently, the

implication that undetected memory effects may compromise
accurate ligand �benchmarking�, vide infra, and the possible
utility of memory effects has resulted in more widespread
study.[4] Despite this attention, the origins of such memory
effects are still a matter of debate and a number of potential
factors, which undoubtedly vary from system to system, have
been identified.[4] These include asymmetric ion-pairing,[5]

slow diastereoisomer equilibration,[4c, 6] monomer ± oligomer
equilibria,[7] multiple bidentate coordination modes[8] and �-
allyl versus �-allylpalladium intermediate equilibria.[3] Irre-
spective of the origin of the memory effect, it is evident that
complete (�perfect�) stereochemical memory in a quantitative
reaction involving a racemic substrate must result in a racemic
product (Scheme 3).

Scheme 3. The same type of reaction as in Scheme 2, but here the memory
effect is perfect, each enantiomeric substrate giving the substitution
product in 100 % ee. The net selectivity (global enantiomeric excess, eeg)
is thus 0 %.

However, away from this limiting regime (e.g. Scheme 2),
the description of the memory effect (the extent of the
disparity between the stereochemical outcome of enantio-
meric substrates) is usually limited to �weak�, �medium� or
�powerful�. Herein we introduce an alternative and quantita-
tive two-term description: stereochemical convergence (sc)
and global enantiomeric excess (eeg). We then demonstrate
the utility of this two-term description by study of the
enantiomeric excesses obtained under typical conditions for
the Pd-catalysed allylic alkylation reaction of cyclopentenyl
substrates employing a range of chiral enantiomerically pure
P,X ligands. With some ligands, powerful memory effects are
observed and in these cases, analysis of the change in eeg with
sc, when reactions conditions are varied, allows some
conclusions to be drawn regarding neutral versus ionic
intermediates.

Results and Discussion

Description and quantification of memory effects in asym-
metric Pd-catalysed allylation: Consider the quantitative
reaction of a racemic allyl substrate �(�)-S�, with a nucleophile
(�Nu�), proceeding via �meso�-type allylpalladium intermedi-
ate(s), to give (�)- and (�)-enantiomers of product �P�,
catalysed by an enantiomerically pure Pd species whose
intrinsic selectivity (i.e. in the complete absence of any
memory effect) favours generation of (�)-P. The results from
such a reaction can be plotted on a graph where the x and y
axes represent the outcome (ee of product P) from the
reaction of one enantiomer of substrate (S) versus the other.

Abstract in Czech: Je prezentova¬n kvantitativnÌ popis pa-
meœt×ove¬ho efektu prœi palladiem katalyzovane¬ allylove¬ substi-
tuci, ktera¬ forma¬lneœ probÌha¬ prœes �meso� �-allylove¬ interme-
dia¬ty. Uzœitecœnost tohoto popisu [stereochemicka¬ konvergence
(sc) a globa¬lnÌ enantiomernÌ prœebytek(eeg)] je uka¬za¬na prœi jeho
aplikacÌ na serii palladiem katalyzovany¬ch allylovy¬ch alkylacœ-
nÌch reakcÌ racemicky¬ch cyklopentenylovy¬ch esteru . Analy¬za
takovy¬ch reakcÌ s pouzœitÌm rœady enantiomerneœ cœisty¬ch mono-
fosfinovy¬ch ligandu  podporuje za¬veœr, zœe selektivity (ee)
zÌskane¬ za standardnÌch podmÌnek mohou by¬t velmi zva¬deœjÌcÌ,
uplatnœuje-li se za¬rovenœ silny¬ pameœt×ovy¬ efekt. Porovna¬nÌm sc a
ee pro danou kombinaci ligandu a rozpousœteœdla za ru zny¬ch
podmÌnek lze vsœak prœedpoveœdeœt limitnÌ (latentnÌ) selektivitu,
ktere¬ by bylo dosazœeno v prœÌpadeœpotlacœenÌ pameœt×ove¬ho efektu.
Tato analy¬za je demonstrova¬na na prœÌkladu jednoho z ligandu 
(4b, �MAP�), pro neœjzœ byla pouzœita rœada postupu  k definova¬nÌ
podmÌnek, ktere¬potlacœujÌ pameœt�ovy¬ efekt, cozœ vede k odhalenÌ
limitnÌ slektivity. Za teœchto podmÌnek lze dosa¬hnout vysœsœÌ
limitnÌ globa¬lnÌ selektivity, nezœ jaka¬ je dosazœitelna¬ prœi pouzœitÌ
standardnÌ metody ekvilibrace diastereoisomeru , jakou je naprœ.
prœÌdavek halidove¬ho iontu. Analy¬za sc proti eeg tak rovneœzœ
umozœnœuje rozlisœit drobne¬ zmeœny v selektiviteœ. Pu vod rozdÌlu  v
limitnÌ selektiviteœ (za prœÌtomnosti a prœi absenci chloridu) lze
hledat v rozdÌlne¬ reaktiviteœ neutra¬lnÌch monodenta¬tnÌch a
kationoidnÌch bidenta¬tnÌch komplexu MAP (4b) a MOP (4b).
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With reference to a plot of the ee of P from (�)-S (ee (�)-
P(�) , x axis) against the ee P from (�)-S (ee (�)-P(-) , y axis ;
Figure 1), three important regions can be identified. The first

Figure 1. Plot, with reference to Scheme 1, Scheme 2 and Scheme 3, of
enantiomeric outcome (ee) from reaction of the �matched� enantiomer of
substrate ((�)-P(�) , x axis) versus that of the �mismatched� enantiomer
((�)-P(�) , y axis). The two diagonal lines show points of complete (100 %)
stereochemical convergence (sc) and divergence (0 % sc). See text for full
discussion.

is located along the solid line between (0,0) and (�100,
�100). Since the term stereoconvergent[9] is applied to a
reaction in which stereoisomerically differing starting materi-
als yield identical products, one may describe this situation as
one of full stereoconvergence, that is 100 % sc. Notably, the
overall outcome (eeg), which has no dependence on the
enantiomeric identity or the ee of substrate S, is determined
solely by the efficacy of the ligand ± palladium assembly and
represents the intrinsic selectivity of the system. The eeg varies
linearly along the 100 % sc line between (0,0, eeg� 0 %) and
(100, 100; eeg� 100 %). This situation is usually presumed to
prevail when these reactions are employed for �benchmarking�
of ligands. The second region lies at the other extreme and is
represented by the solid line between coordinates (0,0) and
(�100, �100). Points on this line represent a stereospecific[9]

reaction in which there has been no stereoconvergence and
the line may thus be labelled 0 % sc. In other words, the extent
with which the stereochemical pathways of reaction of (�)-S
and (�)-S have converged is 0 % and the two reaction
manifolds mirror each other exactly. Notably, only when the
outcome is (�100, �100) is there a perfect stereochemical
memory effect in as much as (�)-S gives, for example, (�)-P(�)

(100 % ee) whilst (�)-S gives (�)-P(-) (100 % ee). However, in
all cases on the 0 % sc line the global ee is zero (eeg� 0),
provided that there has been equimolar conversion of (�)-S
and (�)-S. If this is not the case, for example in reactions
involving non-racemic substrate, or kinetic resolution, then
there will be a non-zero global ee.

The third and final region is the outcome between these two
extremes and is more complex: there is a memory effect;
however, it is not equal between matched[10] and mismatched
manifolds and thus there is partial asymmetric induction, that
is eeg P�0. We suggest that such situations may be described
in a useful and quantitative manner by reporting the degree of
stereochemical convergence (sc [%]) and the resulting global
enantiomeric excess (eeg [%]); sc and eeg are calculated
mathematically and then compared, between reactions,
graphically. The value of sc is simply calculated from the
stereochemical outcome from one enantiomer of substrate
against a sliding scale which varies in response to the outcome
from the other enantiomer. Thus for the hypothetical example
above, in which (�)-S is matched, sc (%)� 100 {[(�)-P(�)]�
[(�)-P(�)]}/{[(�)-P(�)]� [(�)-P(�)]}).

As examples of the application of eeg and sc to reaction
outcomes, consider points A and B, derived from hypothetical
data from a reaction of (�)-S to give P, performed with the
same chiral ligand, same nucleophile and solvent, but under
different conditions, for example using different Pd catalyst
precursors (Figure 2). Note that in this figure, lines of equal sc

Figure 2. Framework from Figure 1, with addition of 1) dashed-line
�contours� of stereochemical convergence (see text) and global ee and 2)
hypothetical data sets (A, B) from a reaction displaying a memory effect.
See text for full discussion.

(from 10 to 90 %) have been highlighted by dashes that
radiate out from the origin (0,0), whilst lines of equal eeg have
been highlighted by dashes that lie parallel to the 0 % sc line
(0,0 to 100,� 100). Under conditions A, matched enantiomer
(�)-S gives (�)-P(�) in 75 % ee (x axis) and (�)-S gives the
opposite enantiomer, (�)-P(�) , in 15 % ee (y axis). Thus the
global eeg is 30 % (in favour of (�)-P) and the stereochemical
convergence sc is 40 %. Changing to conditions B affects the
outcome from both enantiomers: matched (�)-S gives (�)-
P(�) in 50 % ee and mismatched (�)-S now gives the same
enantiomer, (�)-P(�) , in 10 % ee. The global ee is still 30 %,
but the stereochemical convergence has increased to 60 % sc.
The relationship between these two results (A and B) is more
easily visualised as sc (x axis) versus global eeg (y axis)
(Figure 3).
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Figure 3. A re-plot of the hypothetical data sets (A, B), from Figure 2, on
axes of stereochemical convergence (sc, x axis) versus global eeg (y axis).
The curves passing through the points are predicted sc versus eeg

relationships for a hypothetical reaction (see inset) in which there is the
possibility of memory effects. See experimental section for full details of
kinetic models. For the curve passing through A, (�)-Int is favoured over
(�)-Int (K�1 � 6), (�)-Int reacts with 80 % diastereoselectivity and (�)-Int
with 66 % diastereoselectivity for the curve passing through B, (�)-Int is
favoured over (�)-Int (K�1 � 3) and both react with 80% diastereoselec-
tivity. Memory effects (sc) are modulated by variation in k5/k�5 .

Simulation of the kinetics for a reaction (see inset to
Figure 3) in which the memory effect is attenuated (i.e. sc
increased) through increasing the extent of first-order equi-
libration of diastereoisomeric intermediates ™(�)-Int and (�)-
Int∫ before nucleophilic attack, indicates that a simple
relationship will exist between sc and eeg. The relationship
takes the form of a curve, whose origin is sc� eeg� 0 when
diastereoselectivity of attack of (�)-Int and (�)-Int is equal
and opposite. Considering points A and B, it is evident that
they must lie on different curves since they produce identical
eeg but have different sc. The generation of differing sc versus
eeg relationships is only feasible when the intrinsic selectivity
of the catalyst system is different. In this case the catalyst
system operative under conditions A displays higher net
intrinsic selectivity than that operative under B. In other
words, having taken into account the memory effect (by sc),
comparison of the data for A and B demonstrates that the two
reactions must proceed via different intermediates. It should
be noted that in the absence of analysis of the memory effect
(i.e. stereochemical convergence), the data available from
�experiments� A and B would solely be that product (�)-P of
the same ee (30 % ee ) is obtained.

Herein we demonstrate the utility of stereochemical con-
vergence analysis by study of the relationship between sc and
ee for the reaction 1� 2 (Scheme 4).[11]

Assessing ligands 3, 4 a, 4 b and 4 c under ™benchmarking∫
conditions : Under standard conditions for �benchmarking�
(THF, 25 �C, 5 mol % ligand, 2.5 mol % [PdCl(�-C3H5)]2),

Scheme 4. Pd-catalysed allylic substitution of cyclopentenyl esters 1a, 1b
and 1c with a malonate type nucleophile, catalysed by a Pd-complex
bearing a mono-phosphine ligand (L�N, C, halide), to give 2 via
diastereoisomeric intermediates 5 and 5�.

�Pd(L)� complexes of the enantiomerically pure ligands (R)-3,
(iBu-PHOX),[12] (S)-4 a (�MOP�),[13] (S)-4 b (�MAP�)[4c ,14] and
(S)-4 c (�QUINAP�)[15] catalyse the reaction of racemic cyclo-
pentenyl pivalate (�)-1 a with sodium dimethyl malonate
([NaCH(CO2Me)2]; 2 equivalents) to give allylic alkylation
product (R)-2 in 8, 22, 10 and 36 % eeg, respectively. These

results suggest that of the four ligands, �QUINAP� ((S)-4 c
�36 % ee) is the best candidate for optimisation with �MOP�
((S)-4 a �22 % ee) a poor second choice and �iBu PHOX�
((R)-3� 8 % ee) or �MAP� ((S�-4 b� 10 % ee) of little poten-
tial utility in this reaction.

However, the above benchmarking reactions have been
analysed without taking into consideration the possibility of
memory effects. To test for memory effects one must
individually assess the outcome from both enantiomers of
substrate (1 a). This cannot be achieved with racemic 1 a since
either enantiomer of 2 can arise from either enantiomer of 1 a,
indeed this is the very principle on which this type of
asymmetric process is based. However, employing enantio-
merically pure 1 a is not ideal since a) two reactions must be
performed to assess the outcome from both enantiomers,
b) both enantiomers of 1 a (or of the ligand) must be readily
available in very high ee and c) due to match/mismatch effects,
the reaction outcomes involving pure enantiomers may differ
from that of the racemate. To address the above issues, we
have developed the use of isotopic desymmetrisation.[4b, 16]

This facilitates simultaneous analysis of the individual con-
tributions to the global eeg from (R)-1 a and (S)-1 a through
deployment of a racemic, deuterium labelled[17] substrate (�)-
1-[2H1]-1 a (Scheme 5).
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Scheme 5. The ™isotopic desymmetrisation∫ technique employed to si-
multaneously compare stereochemical outcomes in the Pd-catalysed allylic
substitution of cyclopentenyl esters (1). The racemic deuterium labelled
substrate (�)-1-[2H1]-1 undergoes stereospecific substitution (net retention)
and thus (R)-1-[2H1]-1 gives only (R)-1-[2H1]-2/(S)-3-[2H1]-2 and analo-
gously (S)-1-[2H1]-1 gives only (S)-1-[2H1]-2/(R)-3-[2H1]-2. The relative
population of the four isotopomeric enantiomers of 1,3-[2H1]-2 can be
assayed by 13C{1H} NMR in the presence of (�)-[Eu(hfc)3].

When this technique is applied to the reactions discussed
above, it sheds a rather different light on the situation
(Table 1, entries 1, 3, 5 and 7). With the (P,N)-ligands iBu
PHOX (3) and QUINAP (4 c) there are memory effects (67
and 82 % sc) but these are weak and the global eeg values (8 %
and 36 % ee, respectively) closely reflect the intrinsic or
limiting selectivity of the ligand systems under these con-
ditions (Table 1, entries 1 and 3). When the same reactions are
conducted in the absence of chloride, catalytic activity is
reduced substantially (Table 1, entries 2 and 4). In stark
contrast, with the ligands MOP (4 a) and MAP (4 b) much
more powerful memory effects are apparent under �bench-
marking� conditions: 28 % sc, 22 % eeg, with MOP (4 a) and
15 % sc, 10 % eeg, with MAP (4 b) (Table 1, entries 5 and 7).
Furthermore, in the absence of halide, catalytic activity
remains high and the memory effects are very slightly
increased (Table 1, entries 6 and 8).

It is a common misconception that the ligands MOP (4 a)
and MAP (4 b) are exclusively monodentate phosphine
ligands. In fact, when either ligand coordinates a PdII centre
that has two free coordination sites (i.e. it bears only two other
ligands, e.g., two chlorides or a �-C3H5 unit) a bidentate (P,C)-
coordination mode is established by coordination of Pd to the

Table 1. Allylic alkylation of cyclopentenyl esters (�)-1-[2H1]-1 a ± c (0.125 �) in THF, 25 �C, with [NaCH(CO2CH3)2] (preformed, added slowly, or
generated in situ) catalysed by 5 mol % Pd/ligand (iBu PHOX (R-3), MOP (S-4 a), MAP (S-4 b) or QUINAP (S-4c)), to give 1,3-[2H1]-2 (see Scheme 5).

Entry[a] R Ligand Cl[b] Nu.[c] Additive[d] Time[e] 1,3-[2H1]-2
[mol %] [mol %] [h] sc [%][f] eeg [%][g] yield [%][h]

1 Me[i] (S)-3 5 pref. ±[j] � 0.08 67 8 (R) 88
2 tBu (S)-3 ± pref. ±[j] 48 � 95 6 (R) 8[k]

3 tBu (S)-4 c 5 pref. ±[j] 2.25 82 36 (R) 82
4 tBu (S)-4 c ± pref. ±[j] 12 ± ± 0[l]

5 (IIi) tBu (S)-4 a 5 pref. ±[j] � 0.08 28 22 (R) 82
6 (Ii) tBu (S)-4 a ± pref. ±[j] � 0.08 26 20 (R) 86
7 (IIi) tBu (S)-4 b 5 pref. ±[j] � 0.08 15 10 (R) 85
8 (Ii) tBu (S)-4 b ± pref. ±[j] � 0.08 10 8 (R) 80
9 (Iii) tBu (S)-4 b ± pref. F (5) � 0.08 16 14 (R) 85

10 (Iiii) tBu (S)-4 b ± slow. ±[j] 0.25 35 23 (R) 56
11 (Iiv) tBu (S)-4 b ± slow. ±[j] 0.5 70 44 (R) 44[m]

12 (Iv) OMe (S)-4 b ± pref. ±[j] � 0.08 89 52 (R) 42
13 (Ivi) OBn (S)-4 b ± pref. ±[j] � 0.08 99 58 (R) 39
14 (Ivii) OMe (S)-4 b ± in situ NaOMe (1) � 0.17 95 55 (R) 89
15 (Iviii) OBn (S)-4 b ± in situ NaOAc (1) 1 98 57 (R) 80
16 (Iiii) tBu (S)-4 a ± slow ±[j] 0.5 60 35 (R) 32
17 (Iiv) OMe (S)-4 a ± pref. ±[j] � 0.08 91 52 (R) 34
18 (Iv) OMe (S)-4 a ± in situ NaOAc (1) 1 92 56 (R) 73
19 (IIii) tBu (S)-4 b 5 slow ±[j] 0.5 42 22 (R) 69
20 (IIiii) OBn (S)-4 b 5 pref. ±[j] 16 58 30 (R) 20[n]

21 (IIiv) OMe (S)-4 b 5 in situ NaOMe (1) 36 84 26 (R) 22[o]

22 (IIv) OBn (S)-4 b 5 in situ NaOMe (1) 1 98 44 (R) 30[p]

23 (IIv) OBn (S)-4 b 5 in situ NaOAc (1) 48 ± ± 0[l]

[a] Lower case italics (i, ii, iii etc.) refer to individual points in graphs (I and II) of sc versus eeg : see Figure 4. [b] 5 mol % Cl is present from generation of the
pro-catalyst in situ by reaction of ligand (5 mol %) with [Pd2(�3-C3H5)2Cl2]; ± refers to use of [(�-C3H5)Pd(L)][O3SCF3] as pro-catalyst. [c] Nucleophile is
preformed [NaCH(CO2Me)2] (2.0 equiv) and added in one portion (™pref.∫), added slowly by syringe pump (™slow∫) or generated in situ from MX (additive)
and CH2(CO2Me)2 (2.0 equiv; ™in situ∫). [d] Additive present to effect equilibration (F�) or generate nucleophile (NaOMe) or activate pro-catalyst (NaOAc
or LiOAc). [e] Time at which TLC analysis showed complete consumption of substrate (unless otherwise noted). [f] Determined by 13C NMR analysis; sc
(%)� 100 [(RR�SS)/(RR� SR)] where mol fractions of enantiomeric products RR-(2) and SR-(2) are obtained from R-(1) (and RS-(2) and SS-(2) from
(S)-1). [g] Determined by 13C NMR analysis; eeg� global ee of overall sample of 1,3-[2H1]-2. [h] Yield of analytically pure 1,3-[2H1]-2 obtained after
chromatography on silica gel. In some cases, as noted, starting material (1-[2H1]-1) was recovered as a single regioisotopomer. [i] Acetate instead of pivalate
was employed. [j] No additive. [k] Low extent of conversion; substrate recovered in 47 % yield. [l] No product detected by TLC; substrate recovered in
quantitative yield. [m] Substrate recovered in 40% yield. [n] Substrate recovered in 41% yield. [o] Substrate recovered in 25% yield. [p] Substrate recovered
in 36 % yield.
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C(1)�C(2) bond of the non-phosphine bearing aryl ring. This
(P,C) coordination mode is observed in both the solid state
(X-ray analysis) and in solution (NMR spectroscopy), for
example in the complexes [(�-C3H5)Pd(P,C-4 a)][O3SCF3] and
[(�-C3H5)Pd(P,C-4 b)][O3SCF3].[4c, 14b] In the former complex,
the bonding to C(1)�C(2) is more �2- in character and in the
latter complex it is essentially �1 (tetrahedral at C(1)�Pd). We
have employed these complexes as analogues of non-isolable
5 ([(�-C5H7)Pd(P,C-4 ab)][X]), which are postulated inter-
mediate in the reaction of 1� 2, catalysed by ™Pd(4 ab)∫
(Scheme 6). Study of the structure and stereodynamics of [(�

Scheme 6. The working model for powerful memory effects, and their
attenuation (see text for full discussion) for the reaction shown in
Scheme 4. Key to the working model is the generation of two primary
cationic bidentate P,C-intermediates (5 and 5�) in a diastereoselective
manner (from (R)-1 and (S)-1 respectively), which interconvert slowly but
are attacked rapidly by malonate nucleophile at the position trans to P. The
intermediates may also undergo ion-pair collapse to give neutral mono-
dentate P complexes 6 and 6�, which display analogous slow interconver-
sion and selective nucleophilic attack.

-C3H5)Pd(P,C-4 ab)][O3SCF3] suggested that the powerful
memory effects, and thus low sc, in the reaction of 1 a� 2,
catalysed by ™[Pd(P,C-4 ab)]∫ arises by three linked events:
a) enantiodivergent ionisation of 1 a by [Pd(P,C-4 ab)] such
that P is located trans to the nucleofuge (the ��-site�) leading
to opposite diastereoisomers (5 b and 5 b�) from (R)-1 a and
(S)-1 a (Scheme 6); b) slow interconversion of the resulting
ion-paired[18] intermediates (predominantly via bidentate

(P,C-)/monodentate (P-) equilibrium facilitating P�Pd rota-
tion in the monocoordinated state) and c) rapid nucleophilic
capture (again trans to P at the ��-site�) of highly electrophilic
cations 5 b with 5 b� before full equilibration has occurred.[4c]

Hayashi and co-workers have also investigated the power-
ful memory effects observed in Pd-catalysed allylic alkyla-
tions involving cycloalkenyl type electrophiles when employ-
ing ligand 4 a (MOP).[6b] The origin of the memory effect was
analogously ascribed to ionisation trans to P, followed by slow
diastereoisomer interconversion unable to compete with
rapid capture (trans to P) by the nucleophile. However, based
on Pd complexes observed (NMR) on mixing 4 a with
allylpalladium chloride species, neutral and monodentate
complexes (6 a and 6 a�, Y�Cl) were postulated as inter-
mediates. Since these powerful memory effects (as low as
10 % sc) can also be obtained under chloride-free conditions,
vide supra, we have postulated that under these conditions the
primary ionisation products are the ion-paired intermediates
5/5� where the counterion X is the nucleofuge. Subsequently,
in competition with nucleophilic attack, these may, or may
not, collapse (potentially reversibly) to neutral species 6/6�
where the counterion ™Y∫ might be the nucleofuge (X) or a
prior spectator ion. Furthermore, if the pro-catalyst bears a
chloride, then catalysis may proceed via oxidative addition of
1 to a palladate type species, ™[Pd(Cl)(4 ab)]�∫, in which case
the primary intermediate would be 6/6�, i.e. generated directly
rather than via 5/5�. Whether the nucleophile attacks the
cationic species 5 or the neutral mono-coordinated 6 is an
important issue: in the former complex the chelated ligand
will exert greater control over the regioselectivity of the
nucleophilic attack, and thus the ee of product 2. Thus far, it
has been difficult to draw conclusions due to the powerful
memory effects which mask the intrinsic selectivities and
induce low ee (compare Table 1 entries 5 and 6 or entries 7
and 8). Here, analysis of sc may be of aid. Thus, if conditions
are found where the system is allowed to begin to equilibrate
before attack of the nucleophile, then a simple relationship
between sc and ee should be observed if reaction occurs
exclusively through 5/5�: greater mixing (higher sc) facilitating
higher ee until the limiting ee is reached at 100 % sc.
Alternatively, if collapse to 6 is in competition with equilibra-
tion and nucleophilic attack, then slowing nucleophilic attack
will lead to greater reaction via 6 and thus a different
relationship between sc and ee.

Attenuation of the memory effect: analysis of stereochemical
convergence (sc) with �MAP� and �MOP� ligands : The out-
come from a number of reactions of 1 involving catalysis by
Pd(4 a) and Pd(4 b) under a number of (halide-free) con-
ditions, see below, have been plotted as sc versus eeg in
Figure 4, graph I. The starting points i are taken from entries 6
and 8 in Table 1, in which reaction is conducted by adding the
pro-catalyst [(�-C3H5)Pd(P,C-4 ab)][O3SCF3] to a solution of
1 a and 2.0 equivalents of [NaCH(CO2CH3)2] in THF.

Employing a working model for catalytic turnover which
involves initial formation of an approximately 50/50 ratio of
diastereoisomeric 5/5� (i.e. [(�-C5H7)Pd(P,C-4 b)][X]) from
(R)-1/(S)-1, see Scheme 6, one may consider at least four
variables that will affect the sc and thus memory effect: a) the
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Figure 4. Variation of global enantioselectivity (eeg-2) with stereochemical
convergence (sc-2), as measured by isotopic desymmetrisation (see
Scheme 5), for the reaction of (�)-1-[2H1]-1a ± c (0.125� in THF) with
™[MCH(CO2CH3)2]∫ at 20 �C, catalysed by 5 mol % �Pd-4 b� or �Pd-4a�
under a variety of conditions (see text and Table 1 (graphs I and II) and
Table 2 (graph III) for full details). In graphs I and II, closed circles relate to
use of �Pd-4b� and open squares to �Pd-4 a�. In graph III, all runs employ �Pd-
4b� and open triangles relate to M� ™EtZn∫; open circles to M� ™Cs∫ and
open squares to M� ™Li∫. The solid curved line in graph I is the sc versus
eeg relationship predicted for 2, employing the model outlined in the inset
to Figure 3 and in which (�)-Int is favoured over (�)-Int (K�1� 7), (�)-Int
reacts with 88% diastereoselectivity and (�)-Int with 80 % diastereose-
lectivity. The line is reproduced (dashed line) in graph II for comparison
with the data obtained in the presence of 5 mol % chloride ion.

presence of reversibly coordinating additives, such as halides
or dibenzylideneacetone (dba) may accelerate diastereoisom-
er equilibration[6a] (i.e. 5 with 5�) and increase sc ; b) if
diastereoisomer equilibration is (pseudo)unimolecular[19]

whilst nucleophilic attack bimolecular, then lower concen-
trations of nucleophile [MCH(CO2CH3)2] should increase sc ;
c) the identity of X (the counter-ion) will affect the tightness
of ion pairing in 5/5�. This may modulate the rate of
diastereoisomer equilibration and also the reactivity towards
the nucleophile. It may also induce ion-pair collapse to 6/6�;
d) the identity of M (the �escort� cation) will affect the
reactivity of the nucleophile and lower reactivities should lead
to higher sc. Furthermore, changing M may change the
intrinsic selectivity of the system–as has been proposed for
other systems.[20]

We have earlier[4c] explored variable a) above with 1 a as
substrate, in general finding the effect rather small. For
example, in the presence of 5 mol % fluoride[21] (Table 1, entry
9) the sc increases slightly from 10 % to 16 % (see point �ii� in
graph I ; Figure 4). It is clear that 5/5� (X�O2CtBu) displays a
high reactivity towards [NaCH(CO2CH3)2] and thus we now
consider variable b): the effect of the concentration of
nucleophile (Table 1, entries 10 and 11). Again employing
[(�-C3H5)Pd(P,C-4 b)][O3SCF3] as pro-catalyst, slow addition
(via syringe pump) of one equivalent of [NaCH(CO2CH3)2] in
THF caused the sc to rise (15 min. addition: 35 % sc ; 30 min.
addition: 70 % sc (see points �iii and iv�, graph I ; Figure 4).
However, after complete addition there was still substrate[22]

present and thus yields of 2 were low (56 and 44 %
respectively) and when slow addition of [NaCH(CO2CH3)2]
was performed over 1 h, no conversion of 1 a to 2 occurred at
all.

Turning then to variable c), we switched from a pivalate
nucleofuge to methyl carbonate (i.e. 1 b) so that intermediates
of type [(�-C5H7)Pd(P,C-4 b)][X], where X�MeOCO2

� or
MeO� would be generated. The latter alkoxide would arise
through decarboxylation and would form a significantly
tighter ion-pair than carboxylate with the cationic complex.
Such tight ion-pairing would undoubtedly affect both the
reactivity and rate of diastereoisomeric equilibration of the
intermediates. The effect of changing from ester to carbo-
nate[23] was dramatic since complete consumption of 1 b and
even higher stereochemical convergence could be attained
(89 % sc) without the need for slow addition (Table 1, entry
12; point �v�, graph I ; Figure 4). Interestingly, if this reaction
had been performed under standard benchmarking conditions
(i.e. without studying the memory effect) then, because the
global selectivity is now eeg� 52 % (rather than eeg� 10 % ee
with 1 a), one might have concluded that the change in leaving
group had affected the intrinsic selectivity of the system. In
fact, this is not the case since the simple relationship between
sc and eeg has been maintained and the increased ee arises
through increased interconversion of diastereoisomeric inter-
mediates before nucleophilic attack.

Although the sc increased on changing to 1 b, the yield was
only 42 %–despite complete consumption of substrate. This
is substantially lower than with 1 a where yields were in the
range 80-85 %. A slightly bulkier carbonate (benzyl carbonate
1 c) was also prepared. This proved to be slightly better than
1 b (Table 1, entry 13): again, slow addition of [NaCH(-
CO2CH3)2] was not required to achieve very high sc (99 %)
with 58 % eeg (point �vi�, graph I ; Figure 4) but again reaction
proceeded in poor yield (39% yield of 2, � 99 % conversion
of 1 c). By study of the reaction mixtures in situ (1H NMR,
500 MHz) we traced the low yields with 1 b and 1 c to a
competing elimination reaction caused by the carbonate or
alkoxide co-products (RCO2Na or RONa; R�Me or Bn).
This side reaction was exacerbated by low nucleophile
concentration. For example, when [NaCH(CO2CH3)2] was
added as a solid to a solution of 1 b and [(�-C3H5)Pd(P,C-
4 b)][O3SCF3] (5 mol %) in [D8]THF, � 90 % conversion of 1 b
to cyclopentadiene (identified by reference to a sample of
freshly �cracked� dimer) occurred in less than 1 min, at which
point very little [NaCH(CO2CH3)2] had dissolved. General
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base-mediated �-elimination in allylpalladium complexes has
been documented[24] and the Pd-catalysed conversion of 1 b
(or 1c) to cyclopentadiene likely proceeds through an analo-
gous process as outlined in the upper section of Scheme 7.[25]

Scheme 7. The generation of an ionic acid-base pair (P,C-5) from a
carbonate substrate (1b or 1c) and a [P,C-4 b-Pd0] complex. An acid ± base
elimination reaction results in generation of cyclopentadiene from the
cyclopentenyl allyl unit, whilst interception with a malonic acid ester results
in generation of a malonate anion and subsequent nucleophilic attack on
the allyl.

To combat this competing �-elimination we changed from
using the pre-formed nucleophile [NaCH(CO2CH3)2] to using
the pro-nucleophile CH2(CO2CH3)2 as an acid which could
then compete with 5 for the basic nucleofuge (ROCO2

� or
RO�) as shown in the lower
section of Scheme 7. Because
we were using a PdII complex
([(�-C3H5)Pd(P,C-
4 b)][O3SCF3]) as pro-catalyst,
an initiator was required to
generate the catalytic inter-
mediate ™[Pd0(P,C-4 b)]∫. We
found that 1 mol % NaOAc
worked rather efficiently
through acetoxylation of the
allylpalladium cation (vide in-
fra) and, equally well, 1 mol %
NaOMe, through generation of
trace [NaCH(CO2CH3)2] which
can then alkylate the pro-cata-
lyst. Under these conditions
high sc could be attained
(points vii and viii, graph I ;
Figure 4) with both 1 a and 1 b,
but now with much improved
yields (Table 1, entries 14 and
15). Essentially identical results
were obtained with MOP (4 a,

Table 1, entries 16 ± 18) which gave a similar intrinsic selec-
tivity (eeg limit �58 %, see open squares in graph I, Figure 4).

The effect of chloride ion: bidentate cationic (P,C)- versus
monodentate neutral (P)-coordination: Chloride-bearing Pd-
catalyst precursors are commonly employed in Pd-catalysed
allylic alkylations and the presence of halide ion[26] is often
perceived as being of benefit to asymmetric induction since it
can accelerate diastereoisomer interconversion.[27] As a start-
ing point, consider the original results attained under �bench-
marking� conditions with MAP (4 b) (Table 1, entry 7, Fig-
ure 4, graph II, point �i�). Employing identical strategies to
those outlined above (b and c), we were able to increase the sc
under �chloride conditions� (5 mol % Cl engendered by use of
[(�-C3H5)Pd(Cl)(P)-4 b]) as pro-catalyst). However, it be-
came clear that under conditions that gave higher sc, chloride
had quite negative effects (see graph II in Figure 4 and
Table 1, entries 19 ± 23).

With pivalate 1 a, slow addition of [NaCH(CO2Me)2] gave
69 % yield of 2 with 42 % sc, and 22 % ee (Table 1, entry 19, �ii�,
graph II ; Figure 4). More dramatic was the effect with the
carbonate substrates under stoichiometric (entry 20, graph II,
�iii�; Figure 4)) or catalytic (entries 21 and 22, �iv� and �v�, graph
II ; Figure 4) nucleophile conditions which gave low yields of 2
(20 ± 30 %), high sc (58 ± 98 %) and much lower eeg (26 ±
44 %). In the latter reactions NaOMe was employed since
NaOAc was ineffective as an initiator (entry 23) for gener-
ation of ™[Pd(0)(P,C-4 b)]∫ from [(�-C3H5)Pd(Cl)(P)-4 b].

We also briefly studied the effect of (formal) nucleophile
escort cation, that is variable d) above (Table 2, Figure 4,
graph III). The use of stoichiometric nucleophiles
[MCH(CO2-
CH3)2], (M�XZn, Cs, Li; Table 2, entries 2, 5 ± 8 and 10) with
1 a ± c gave variable results. Catalytic generation of nucleo-
phile only functioned with Li (Table 2, entries 11 ± 13) since

Table 2. Allylic alkylation of cyclopentenyl esters (�)-1-[2H1]-1 a ± c (0.125�) in THF, 25 �C, with
[MCH(CO2CH3)2] (preformed 2.0 equiv or generated in situ from CH2(CO2CH3)2) catalysed by 5 mol % Pd/
MAP (S-4 b), to give 1,3-[2H1]-2 (see Scheme 5).

Entry[a] R Cl[b] Nucleophile Time[d] 1,3-[2H1]-2
generation[c] [h] sc [%][e] eeg [%][f] yield [%][g]

1 (IIIi) tBu ± CsOAc (1 mol %)/BSA 24 31 21 36
2 (IIIii) OMe ± Cs2CO3 24 55 24 23
3 (IIIiii) OMe ± CsOAc (1 mol %)/BSA 3 97 46 61
4 OMe 5 or 0 CsOAc (1 mol %) 24 ± ± 0
5 (IIIiv) OMe ± Et2Zn 2 82 32 78
6 (IIIv OMe 5 Et2Zn 2 84 32 69
7 (IIIvi tBu ± Et2Zn 3 83 45 78
8 (IIIvii) tBu 5 Et2Zn 18 94 54 67
9 OMe 5 or 0 Zn(OAc)2 (1 mol %) 24 ± ± 0

10 (IIIviii) tBu ± BuLi 3 85 29 21
11 (IIIix) OBn 5 LiOMe (1 mol %) 24 95 40 24
12 (IIIx) OBn ± LiOMe (1 mol %) 2 95 59 77
13 (IIIxi OMe ± LiOMe (1 mol %) 0.17 95 60 69

[a] Lower case italics (i, ii, iii etc.) refer to individual points in graph III of sc versus eeg : see Figure 4. [b] 5 mol %
Cl is present from generation of the pro-catalyst in situ by reaction of 4 b (5 mol %) with [Pd2(�3-C3H5)2Cl2]; ±
refers to use of [(�-C3H5)Pd(4b)][O3SCF3] as pro-catalyst. [c] Nucleophile is preformed by reaction of base
(2.0 equiv) with CH2(CO2Me)2 (2.0 equiv and added in one portion or generated in situ from MX (1 mol %) and
CH2(CO2Me)2 (2.0 equiv). [d] Time at which reaction was quenched. [e] Determined by 13C NMR analysis; sc
(%)� 100 [(RR� SS)/(RR�SR)] where mol fractions of enantiomeric products (RR)-2 and (SR)-2 are obtained
from (R)-1 (and (RS)-2 and (SS)-2) from (S)-1 ). [f] Determined by 13C NMR analysis; eeg� global ee of overall
sample of 1,3-[2H1]-2. [g] Yield of analytically pure 1,3-[2H1]-2 obtained after chromatography on silica gel.
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neither Zn(OAc)2 nor CsOAc were effective at activating
either pro-catalyst ([(�-C3H5)Pd(Cl)(P)-4 b] or [(�-
C3H5)Pd(P,C-4 b)][O3SCF3]) (Table 2, entries 4 and 9); how-
ever, a combination of CsOAc (1 mol %) and BSA (2 equiv)
did function efficiently (Table 2, entries 1 and 3). Ultimately,
LiOMe provided the best catalytic nucleophile system and
gave high sc and eeg with the carbonate substrates. Overall, it
may be noted that although there were no obvious trends
within the data set, the highest intrinsic selectivities tend
towards those observed with [NaCH(CO2CH3)2].

To further study the effect of NaOAc, we performed
stoichiometric reactions which we monitored by 1H NMR
spectroscopy (500 MHz, [D8]THF/CD2Cl2). These experi-
ments revealed that the neutral monodentate complex [(�-
C3H5)Pd(Cl)(P-4 b)], generated in situ by reaction of 4 b with
[(�-C3H5)Pd(Cl)]2, fails to react at all with an excess of
NaOAc over a period of hours (Scheme 8, lower section). In

Scheme 8. The generation of ionic bidentate and neutral monodentate
MAP ± Pd complexes and their relative reactivity towards acetate ion, as
monitored by 1H NMR spectroscopy in [D8]THF/CD2Cl2. When employed
in catalytic allylic alkylation, the ready reaction of [(P,C-4b)-Pd-allyl]� with
MOAc (M�Na, Li) provides a useful route to the generation of [(P,C-4b)-
Pd0] and thus catalytic quantities of malonate anion via the route outlined
in the lower section of Scheme 6.

stark contrast, the cationic complex [(�-C3H5)Pd(P,C-
4 b)][O3SCF3] reacts rapidly with one equivalent of NaOAc
to yield allyl acetate–as confirmed by reference to inde-
pendently prepared sample in [D8]THF/CD2Cl2–and an
orange-red Pd co-product which is tentatively assigned as
[((P,C)-4 b)Pd0].[28] When this reaction mixture was treated
with one equivalent of NaCl there was no generation of [(�-
C3H5)Pd(Cl)(P-4 b)] from the allyl acetate.

These results highlight the much greater electrophilic
reactivity of bidentate cationic allylpalladium complexes of
4 b as compared to the neutral monodentate Pd(Cl)allyl type
complexes. We therefore suggest that under chloride free
conditions the initial product of oxidative addition (5/5�) [(�-
c-C5H7)Pd(P,C)-4 b]�[X]� undergoes ion-pair metathesis with
[M]�[CH(CO2Me)2]� at a rate which is dependent on the
identity of the nucleofuge (X) and nucleophile counterion
(M) as well as the nucleophile concentration. These factors

then determine the extent of diastereoisomer equilibration of
5/5� before nucleophilic attack to give 2 and [Pd0(P,C)-4 b]. If
full equilibrium (100 % sc) has occurred prior to metathesis,
this gives 2 in limiting ee of about 60 % (in THF) irrespective
of the identities of �X� and �M�. In the presence of chloride,
irreversible generation of neutral [(�-c-C5H7)Pd(Cl)(P)-4 b]),
that is 6/6� (Y�Cl) can occur directly[29] by oxidative addition
to [Pd(Cl)(P,C)-4 b]� , or by ion ± metathesis (X for Y) with
5/5� followed by ion-pair collapse. The effectiveness with
which this process can compete depends on the identity of �X�.
Once generated, reaction with [MCH(CO2Me)2] gives 2 of
lower ee, presumably due to the monodentate coordination of
4 b. Thus, even under conditions of catalytic nucleophile
generation (2 equiv CH2E2/1 mol % NaOMe), which facilitate
high degrees of stereochemical convergence, the eeg values
attained with the chloro-bearing pro-catalyst [(�-C3H5)Pd-
(Cl)(P)-4 b] are significantly lower than those attained with
the cationic pro-catalyst (Scheme 9). The significantly lower

Scheme 9. The stark differences in pro-catalyst activation, yield and
intrinsic selectivities of chloride (5 mol %) and chloride-free �Pd-MAP�-
systems for the allylic alkylation of cyclopentenyl carbonates 1b/1 c
(selected data from Table 1). Conditions: a) 5 mol % [(�-
C3H5)Pd(Cl)(P)-4 b], 1 mol % NaOMe, 2 equiv CH2E2, THF, 20 �C, 16 h,
22 ± 30% yield, 84 ± 98% sc, 26 ± 44 % eeg ; b) 5 mol % [(�-C3H5)Pd(Cl)(P)-
4b], 1 mol % NaOAc, 2 equiv CH2E2, THF, 20 �C, 16 h, 0% yield;
c) 5 mol % [(�-C3H5)Pd(P,C)-4 b][OTf], 1 mol % NaOMe or 1 mol %
NaOAc, 2 equiv CH2E2, THF, 20 �C, 16 h, 80 ± 89 % yield, 95 ± 98 % sc,
55 ± 59% eeg.

intrinsic selectivity under chloride conditions confirms that
reaction of 6/6� does not occur predominantly by prior
ionisation to give the more electrophilic cations 5/5�.

Conclusion

Comparison of ligands 3 and 4 a ± c under standard (™bench-
marking∫) asymmetric Pd-catalysed allylation conditions
suggests that 4 b ((�)-1 a �10 % ee (R)-2) has little potential
for the development of a selective alkylation of cyclopentenyl
type substrates. However, earlier studies of this reaction have
demonstrated that the low selectivity is a result of a powerful
memory effect. The factors affecting the memory effect have
been studied by analysis of a weighted manipulation of
enantiomer ratios, defined as ™stereochemical convergence∫
(sc). Graphical analysis of sc against global enantiomeric
excess (eeg) allows changes in limiting selectivity to be
discerned–providing that a simple relationship exists. In this
case, whilst the ee ultimately attained (ca. 60 %) is not
spectacular, it can be attained only under halide-free con-
ditions and is significantly higher than the ee values achieved
with ligands 3 and 4 c (8% and 36 % respectively). As
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suggested earlier,[4c] the powerful memory effects observed
under the standard conditions (e.g. point i, Figure 4, graph I)
arise from selective attack (trans to P)[30] of the primary
intermediates 5 and 5�. In the current case, and unlike
conventional Pd-catalysed allylic alkylations in which there is
no memory effect, analysis of results from runs in which there
is low sc indicates that 5 a and 5 a� are attacked with
approximately equal regioselectivity (ca. 88 and 80 % trans
to P, respectively) which translates into approximately equal
but opposite ee values (76 and 60 %, respectively). The ee
value of about 60 % obtained at 100 % sc therefore arises from
88 % of the catalytic flux proceeding via attack of 5, the
intermediate generated initially from the matched pairing of
substrate and ligand ((R)-1/(S)-4 b). Using this as the basis for
a kinetic model, the relationship between sc and eeg can be
satisfactorily simulated (see line passing through points in
Figure 4, graph I). However, it should be noted that assaying
the contributions of the equilibrium population and reactivity
of 5 and 5� to the 88 % selective flux via 5 is rather challenging
since these �-cyclopentenylpalladium intermediates are un-
stable and thus hard to isolate. Future work will address this
issue.

The sc/ee profile obtained in the presence of the pallado-
philic chloride ion supports the concept that, with ligands 4 a
and 4 b, catalyst turnover can proceed via cationic bidentate
(P,C)-intermediates of type 5 or neutral monodentate (P)-
intermediates of type 6 depending on the identity of X (or
Y).[31] The latter intermediates induce lower enantioselectivity
in the allylic alkylation of cyclopentenyl-type allylic electro-
philes, presumably due to the non-chelate nature of the ligand
which then exerts less influence on the equilibrium popula-
tion, relative reactivity and regioselectivity of attack by
nucleophile on 6 versus 6�.

Overall, these results highlight the importance of testing for
memory effects and comparing pro-catalysts when testing
novel ligands in the benchmark asymmetric Pd-catalysed
allylic alkylation reactions. The effect that the commonly
employed Pd source [Pd2(�3-C3H5)2Cl2] has in the current
system, in terms of reactivity, yield and intrinsic selectivity
(graphs I and II in Figure 4; Scheme 9), suggests that
comparison of the outcome from a non-halide[26] bearing
pro-catalyst should always be considered.[32]

Experimental Section

General : Anhydrous solvents (THF, CH2Cl2) were obtained by passage
through an activated-alumina drying train (Anhydrous Technologies) and
reactions were carried out under nitrogen by using standard Schlenk
techniques. Allylic substitution reactions (1� 2) were conducted in THF at
ambient temperature, under standard conditions[4c] except as described in
the text. Substrates ((�)-1-[2H]2-1a [4b] and (�)-1-[2H]2-1b[4b]), reagents
([NaCH(CO2Me)2][33]), ligands (3,[34] 4a,[13] 4b,[14] and 4c[35]) and pro-
catalysts ([(�-C3H5)Pd(P,C-4 a)][O3SCF3][4c] and [(�-C3H5)Pd(P,C-
4b)][O3SCF3][4c]) were prepared by standard routes, or were a gift (4c).
NMR experiments were performed on JEOL GX400 and Alpha 500
instruments. Flash column chromatography: Merck silica gel 60; elution
with a constant gravity head of about 15 cm solvent. TLC: 0.25 mm, Merck
silica gel 60 F254; visualisation at 254 nm or with acidic (H2SO4) aqueous
KMnO4 solution (ca. 2 %). Yields refer to analytically pure samples
obtained after chromatography on silica gel.

Simulation of kinetics and memory effects for simple systems : Kinetics for
the idealised reaction (�)-S�P (see inset to Figure 3) via ™(�)-Int and
(�)-Int∫ in which asymmetric induction arises from the combination [k2,2� �

k3,3�; k�5 �k5] and a memory effect arises from the relationship
[k2,2�,3,3�[Nu]� k5,�5], were simulated using MacKinetics.[36] Using a starting
situation of [(�)-S]� 0.5 [Nu]� 20 [Pd], k1 � 105(k2,2�), a large number of
models were evaluated, which may be generalised into a) equal, but
opposite, stereoselectivity (ranging from 1/3 to 1/10) arising from nucle-
ophilic attack of (�)-Int and (�)-Int, with variation in K5 b) non-equal, but
again opposite, stereoselectivity arising from nucleophilic attack of (�)-Int
and (�)-Int with constant K� 0.2 and c) keeping K5 � 1, and varying the
relative reactivity of (�)-Int versus (�)-Int over a scale of 10. In all three
cases, sc was modulated by varying k5/k�5 and a double-set of intermediates
was generated so that (�)-S and (�)-S followed non-convergent pathways
and thus (�)-P(�) , (�)-P(�) , (�)-P(�) and (�)-P(�) could be distinguished.
The model was allowed to proceed until quantitative conversion of (�)-S to
P was predicted.

From the relative concentrations of the components predicted at this point,
the global ee and sc were calculated: eeg� {[(�)-P]� [(�)-P]}/{[(�)-P] �
[(�)-P]}; sc� {[(�)-P(�)]� [(�)-P(�)]}/{[(�)-P(�)]� [(�)-P(�)]}. These re-
sults were plotted on sc versus eeg axes (as in Figure 3). In all cases, lines
that varied from linear to a smooth convex curve (as in Figure 3) were
observed. A more complex model involving generation of both intermedi-
ates from both substrates gave similar results. The models used to calculate
the curves passing through points A and B are as follows: A. k1 � 90000;
k2 � 9; k2�� 5; k3� 1; k3�� 1; K5 � 6. Modulation of sc from 16 (min sc) to
100 was achieved through k�5� 0.00001� 100 000 (for sc� 40, eeg� 30,
k�5� 3.453, k5 � 0.5755); B. k1 � 90000; k2 � k2�� 9; k3 �k3�� 1; K5� 3.
Modulation of sc from 0 to 100 was achieved through k�5� 0.00001�
100 000 (for sc� 60, eeg� 30, k�5 � 22.38, k5 � 7.46). The model used to
calculate the curve through the filled circles in Figure 4, graph I is as
follows: k1 � 90000; k2� 8.8; k2�� 8.0; k3� 1.2; k3�� 2.0; K5 � 7�1. Modu-
lation of sc from 11 (min sc) to 100 was achieved through k-5 � 0.00001�
100 000.

(�)-1-[2H1]-Cyclopent-2-enylbenzylcarbonate ((�)-1-[2H1]-1 c):[37] Benzyl
chloroformate (1.505 g, 8.82 mmol) in CH2Cl2 (2 mL) was added dropwise
over 15 min to a stirred solution of (�)-1-[2H1]-cyclopenten-1-ol (0.5 g,
5.88 mmol) in CH2Cl2 (7.5 mL) and pyridine (2.5 mL) at 0 �C. The reaction
mixture was then stirred for 16 h at 25 �C, poured into water (20 mL) and
extracted with CH2Cl2 (3� 50 mL). The combined organic extracts were
washed with 1� hydrochloric acid (2� 20 mL) and water (2� 20 mL), dried
over MgSO4 and evaporated under reduced pressure to afford a colourless
oil. Purification by column chromatography (2� 20 cm, elution with
hexane/EtOAc, 12: 1 v/v) gave (�)-1-[2H1]-1 c as a colourless oil (1.07 g,
82.9 %). Rf � 0.41 (hexane/EtOAc 12:1, v/v); 1H NMR (400 MHz, CDCl3,
21 �C, Me4Si): �� 7.35 (m, 5 H; Ar), 6.12 (ddd, 3J(H,H)� 5.6, 3,4J(H,H)�
1.8, 1.8 Hz, 1 H; C(3)H), 5.86 (ddd, 3J(H,H)� 5.6, 4J(H,H)� 2.0, 2.0 Hz,
1H; C(2)H), 5.11 (s, 2H; PhCH2)), 2.49 (m, 1H; C(4)Hb), 2.26 (m, 2H;
C(5)H2), 1.91 ppm (m, 1 H; C(4)Ha); 13C{1H} NMR (100 MHz, CDCl3,
21 �C, Me4Si): �� 167.1 (C�O), 154.84 (Cipso), 138.55 (C(3)H), 128.48
(CHarom.), 128.33 (CHarom.), 128.14 (CHarom.), 121.21 (C(2)H) 83.92 (t,
1J(C,D)� 23.8 Hz; C(1)D), 69.22 (CH2Ph), 30.99 (C(5)H2), 29.46 ppm
(C(4)H2); 2H NMR (46 MHz, CHCl3, 21 �C, CDCl3): �� 5.58 ppm (br. s,
1D; C(1)D); MS (CI): m/z : 220 (8) ([MH]�), 181 (56), 158 (51), 135 (27),
107 (38), 91 (100), 68 (98).

Palladium-catalysed allylic alkylation with 97% stereochemical conver-
gence : To a stirred mixture of [Pd(�3-C3H5)(S-4 b][OTf] (9.8 mg,
0.013 mmol, 5 mol %), under N2, in degassed dry THF (2 mL) at 25 �C
was added (�)-1-[2H1]-1 c (55.2 mg 0.25 mmol) and dimethylmalonate
(66.5 mg, 0.5 mmol, 2 equiv). The reaction was initiated by addition of
sodium methoxide (0.1 mg, 25 �mol, 1 mol %) and then stirred for 1 h, after
which time the reaction was complete according to TLC analysis (hexane/
EtOAc (12:1 v/v); Rf � 0.51 (1 c)). The reaction mixture was quenched by
addition of 10 % aqueous NH4Cl (5 mL) and extracted with CH2Cl2 (4�
5 mL). The combined extracts were dried (MgSO4) and evaporated under
reduced pressure to afford a yellow oil. This oil was taken up in CH2Cl2

(1 mL), applied directly to a pre-solvated silica gel column (1� 20 cm) and
eluted with hexane/EtOAc (12:1, v/v), collecting 5 mL fractions (gravity
column). Fractions 9 to 14 (containing material of Rf � 0.2) were
evaporated to afford (R)-1,3-[2H1]-2 as a colourless oil (50.2 mg, 85%)
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with a global ee of 59% and 97% sc, determined by 13C NMR analysis with
(�)-[Eu(hfc)3] in C6D6 as described in ref. [4b].
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