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Abstract: 2H-Labelled and 18O-labelled
cyclopentenyl esters (� )-4 and (� )-5
are used as probes for memory effects in
Pd-catalysed allylic alkylation. 2H-La-
belled alkylation product 6 arising from
stereospecific Pd-catalysed reaction of
(� )-4 was analysed by a novel 13C NMR
method involving 2H-isotope shifts and
paramagnetic diastereotopic shifts.
When catalysts bearing the Trost mod-

ular ligand (R,R)-3 were employed,
variable memory effects were observed
with the slower reacting chirality mis-
matched (R)-4 substrate-catalyst pair-
ing. The memory effect is dependent on

nucleofuge steric bulk and not pKa .
Attack by [LiCH(CO2CH3)2] occurs
with reversed site selectivity but (R)-4
remains the mismatched substrate. Mis-
matched ionisation leading to a Pd-p-
allyl in which (R,R)-3 acts as a mono-
phosphine ligand may explain the mem-
ory effect.

Keywords: allyl complexes ´ asym-
metric catalysis ´ isotopic labeling ´
P ligands ´ palladium

Introduction

In 1981 Fiaud and Malleron[1] reported that an achiral Pd
catalyst gave an optically active allylic alkylation[2] product on
reaction of enantiomerically enriched 2-cyclohexenyl acetate
with [NaCH(CO2CH3)2]. Differential SN2 and SN2'anti rates in
either formation or reaction of a s-allyl-Pd intermediate
(rather than meso-p-allyl-Pd) were suggested. These conclu-
sions were later disputed by Trost and Schmuff[3] who reported
that Pd(PPh3)4-catalysed reaction of an enantiomerically
enriched allylic lactone with [NaCH(CO2CH3)2] gave a
racemic product via a fully meso-p-allyl-Pd intermediate.
More recently, Trost and Bunt[4] reported on the Pd-catalysed
addition of [NaCH(CO2CH3)2] to (� )-1 a which gives (S)-2 in
34 % ee (Figure 1).

When enantiomerically enriched (S)-1 a (55% ee) was used,
ligand (R,R)-3 gave about 47 % ee (S)-2 whereas ligand (S,S)-
3) gave about 33 % ee (R)-2.[5] This ran contrary to the
assumed mechanism in which equal but opposite ee should be
obtained from enantiomeric meso-p-allyl-Pd intermediates.
This is not the case and the reaction therefore has some
memory of the chirality of 1 a. It was suggested that reaction
proceeds via an initial asymmetric intimate ion-pair {[(3)-Pd-
(h3-c-C5H7)]�[OAc]ÿ} in which the AcOÿ is closer to the a-
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Figure 1. Pd-catalysed reaction of (� )-1a with [NaCH(CO2CH3)2] em-
ploying ligand (R,R)-3.[4]

allylic terminus (Figure 2). Coulombic attraction between the
Na� ion of the malonate and the [OAc]ÿ nucleofuge then
guides the malonate to the a-carbon atom (see inset in
Figure 2).

Thus, with racemic (� )-1 a and ligand (R,R)-3, a matched
and mismatched manifold results in increased and decreased
ee values relative to a solvent-separated meso ion-pair [(3)-
Pd-(h3-c-C5H7)]� j j [OAc]ÿ . The mechanism indicates a
propensity for racemic substrates to give racemic products
regardless of the ligand because of the nature of the initial ion-
pair.[4] Herein we report a novel stereochemical labelling
method and demonstrate its use in an investigation into
whether the memory effect is caused by asymmetric ion-
pairing.
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Figure 2. The asymmetric intimate ion-pairing proposed to account for the
memory effect. Inset: schematic representation of mechanism for prefer-
ential a-attack resulting in increased and decreased ee values in the matched
and mismatched manifolds, respectively.[4]

Results and Discussion

Substrate synthesis : To study the memory effect in the
reaction of 1 to give 2, we prepared regiospecifically (a) 2H-
labelled cyclopentenyl substrates (� )-4 a ± d (>99.5 % 2H, a/g
�99/1)[6, 7] and also alkyl-18O-labelled cyclopentenyl sub-
strates (� )-5 a and (� )-5 b (ca. 95 % 18O ). Their synthesis is
outlined in Scheme 1.

To test the general effect of the 2H-label, we treated (� )-
4 a ± d with [NaCH(CO2CH3)2] to give 6 by using pro-catalysts
[Pd(L2)(h3-C3H5)]�[O3SCF3]ÿ (L2� 7 ± 10). These rapid reac-
tions afforded analytically pure (� )-6 (91 ± 99 % yield) whose
a/g ratio was measured by 2H NMR spectroscopy.

There was no memory effect: irrespective of all reaction
variables, the a/g ratio of 6 was consistently 1.10 (�0.02).
When a regiochemically scrambled sample (a/g� 0.9) of (� )-
4 a was employed[6] identical results were obtained. This
secondary kinetic isotope effect (SKIE; kH/kD� 0.91� 0.01),
arises from an increase in p character[8] at the alkylated carbon
atom and a decrease in p character at the alkenyl carbon on
attack of Pd-p-allyl by malonate.[9] A much smaller kH/kD�
0.98 (�0.01) was observed for W-catalysed alkylation[10, 11] of
(� )-4 c a reaction for which early, allyl cation-like, transition
states have been postulated.[10c] This suggests a medium or late

Scheme 1. Synthesis of 2H-labelled (� )-4a ± d and 18O-labelled (� )-5a
and (� )-5b substrates.

transition state for Pd-catalysed reaction, [12±14] however,
ligand dependence is likely, for example, a more SN1-like
transition state is suggested for Pd catalysts bearing PN-
phosphite ligands.[15]
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A: The matched manifold with racemic ligand (� )-3

a/g Ratios: We first studied the memory effect with pro-
catalyst [Pd(h3-C3H5)((� )-3)][Cl] generated by addition of
(� )-3 to [Pd(h3-C3H5)]Cl2 ((� )-3/Pd� 1.5).[16] After complete
consumption of substrate ((� )-4 a ± d), alkylation product
(� )-6 was isolated and the a/g ratio measured by 2H-NMR
spectroscopy (Table 1). With each nucleofuge (entries 1 ± 4)
we observed a different a/g ratio in (� )-6. Acetate (� )-4 a
gave the largest a/g ratio (3.8 ± 4.0). In contrast to reactions
with (R,R)-3 in which (S)-4 must proceed through the
matched manifold and (R)-4 through the mismatched mani-
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fold, use of racemic (� )-3 allows both enantiomers of (� )-4 a
'choice' of manifold. The a/g ratios of (� )-6 in Table 1 are
thus composite values from matched and mismatched mani-
folds. It will be shown later that selectivity for the matched
over the mismatched manifold is >10:1 for acetate (� )-4a
and thus, by using racemic ligand (� )-(3) and racemic acetate
(� )-4a we were able to selectively study the matched
manifold.

Intimate ion-pairing: According to an asymmetric ion-pair
model,[4] 1) the memory effect should be dependent upon
nucleophile concentration (the rate of relaxation of the
asymmetric Pd-allyl-nucleofuge ion-pair is unimolecular
whilst nucleophilic attack is bimolecular); 2) there should
be, to some degree, internal return of nucleofuge within the
intimate ion-pair manifold; 3) palladophilic anions such a
chloride ion may disrupt ion-pairing and 4) the increase in
enantioselectivity relative to the solvent separated ion-pair
would be nucleofuge dependent (the pKa and steric bulk of
the nucleofuge would affect the degree of intimacy and
localisation of the ion-pair). Using (� )-4 a and (� )-3 we
tested the first three predictions.

1) Nucleophile concentration: 2H NMR analysis of reactions
of (� )-4 a with one equivalent of [NaCH(CO2CH3)2], in
which [Pd(h3-C3H5)(� )-3)][Cl] was used as pro-catalyst and
4,4'-[2H2]-biphenyl as internal integration standard, demon-
strated that the a/g ratio of (� )-6 is essentially constant
throughout the reaction[17] (Figure 3).

As the reactions proceed, the concentration of nucleophile
decreases linearly as the inverse of conversion of (� )-4 a ; four
runs with 0.5 and 5 mol % catalyst loading gave the same
linear relationship between [a-6] and the total concentration
of product [a-6� g-6] (gradient� 0.8; that is a/g� 80/20)
(Figure 4). Thus the a/g ratio and memory effect are
independent of [NaCH(CO2CH3)2] concentration in the
matched manifold.

2) Return of nucleofuge: Internal return is characteristic of
intimate ion-pairs.[18] The 2H and 18O labels were completely
scrambled in (� )-4 a and (� )-5 a, b recovered from reactions
with substoichiometric amount of [NaCH(CO2CH3)2].[7] The
a/g ratio of (� )-6 was (79 / 21) from (� )-4 a and thus there

Figure 3. Graph: Time-course of reaction of equimolar (� )-4a with
[NaCH(CO2CH3)2] catalysed by 0.5 mol % [Pd(h3-C3H5)((� )-3)][Cl] pro-
catalyst in THF at 25 8C with 4,4'-[2H2]-biphenyl as internal standard.
Spectra: representative 2H NMR spectra of worked-up reaction samples at
22 and 64% conversion.

Figure 4. Relationship [a-6]� 0.8 [a� g-6]ÿ 0.05 (mm); R2� 0.99 ob-
served in four separate reactions of equimolar (� )-4 a and [NaCH-
(CO2CH3)2] with 5 and 0.5 mol % pro-catalyst [Pd(h3-C3H5)((� )-3)][Cl].

was no reversibility of the reaction. The 13C NMR spectra[19] of
the a-allylic carbon atom of (� )-5 b before (I) and after (II)
reaction are shown in Figure 5.

Very different results were obtained when (� )-4 a and (� )-
5 a, b were recovered, during catalyst turnover, from reactions
with excess [NaCH(CO2CH3)2]. There was �1 % scrambling

Table 1. Reactions of cyclopentenyl esters (� )-4a ± d (a/g �99, 0.12m)
with [NaCH(CO2CH3)2] catalysed by 5 mol % Pd((� )-3) generated in situ
in THF at 25 8C.

Entry Substrate pKa
[a] Pro-catalyst

counter-ion
Equiv
Nu

a/g Ratio
(� )-6[b]

Yield (� )-6
[%][c]

1 (� )-4a 4.75 Cl[d] 4.5 80/20 84
2 (� )-4b 4.19 Cl 4.5 68/32 98
3 (� )-4c ± [e] Cl 4.5 68/32 99
4 (� )-4d 5.03 Cl 4.5 77/23 80
5 (� )-4a 4.75 ± [f] 2.5 80/20 73

[a] pKa (H2O) of nucleofuge conjugate acid. [b] a/g Ratio by 2H NMR
(CHCl3, 61 MHz). [c] Yield of analytically pure material after chromatog-
raphy on silica gel. [d] Catalyst generated by addition of (� )-3 to [Pd(h3-
C3H5)]Cl]2. [e] pKa in aqueous media unkown due to decarboxylation. [f]
Catalyst generated from (� )-3 and Pd2(dba)3 ´ dba (dba� dibenzylidenea-
cetone).
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Figure 5. 13C{1H} NMR (CDCl3, 100 MHz) sub-spectrum of (C(1')) of (� )-
5b (95 % 18O, before (I) and after (II) recovery from Pd(� )-(3) catalysed
reaction with 0.85 equiv [NaCH(CO2CH3)2].

of (� )-4 a (58% conversion) and about 5 % scrambling of
(� )-5a and (� )-5 b (42 and 61 % conversion respectively).
Thus there is some evidence for localised (a) nucleofuge
return.

3) Chloride ion: The effect of small, coordinating ions on Pd-
catalysed allylic alkylations has been the subject of much
recent attention. For example, iodide ion can improve
regioselectivity[20] whilst fluoride can cause large increases in
ee values in reactions catalysed by chiral Pd('PN') com-
plexes.[21, 22] However, reaction of (� )-4 a in the presence or
absence of Clÿ (Table 1, entries 1 and 5) gave 6 with identical
a/g ratio and therefore chloride ion is not responsible for the
memory effect in the matched manifold.

B: Matched and mismatched manifoldsÐmemory effects with
(R,R)-3

Development of a 13C analytical method: With (� )-3 the
regiochemical outcome of the reaction was studied (Section
A). To study the memory effect with (R,R)-3, the stereo-
chemical outcome of both the matched and mismatched
manifolds must be determined independently. Ideally one
would use 100 % ee substrates to study memory effects but
often this is not practical. Trost and Bunt employed (S)-1 a and
(S)-1 b (44, 55 and 64 % ee) and normalised the data by a
weighted average involving results obtained with (� )-1 a, b.[4]

This approach may be biased by kinetic resolution[27c] unless
100 % substrate conversion is attained. We have developed an
alternative and practical approach based on the double
inversion of stereochemistry[23] in Pd-catalysed allylic alkyla-
tion with stabilised carbon nucleophiles[24] (Figure 6).

A combination of (�)-Eu(hfc)3 (hfc� [3-(heptafluoropro-
pylhydroxymethylene)-(�)-camphorate]) and 13C-2H isotope
shifts (b or g) gave base-line resolution of the regioisotopo-
meric enantiomers of 6 in the 13C NMR sub-spectrum of
C(4')H2

[25] (Figure 7).
Once calibrated,[26] a conventional 13C{1H} NMR experi-

ment on a 400 MHz (1H) instrument allowed simultaneous
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Figure 6. The stereochemical course of Pd-catalysed allylic alkylation of
(S)-4 and (R)-4 leading to 6.

Figure 7. 13C{1H} NMR (C6D6) sub-spectrum of C(4') in (� )-a/g-6 (0.28m)
with [(�)-Eu(hfc)3] (0.154m).

but individual measurement of the ee value of 6 arising from
(S)-4 and (R)-4 in racemic (� )-4.

Nucleofuge dependence: Despite a mechanism involving
nucleofuge ion-pairing, it was earlier reported that the
memory effect was the same with 1 a and 1 c (acetate and
methyl carbonate nucleofuges).[4] With pro-catalyst [Pd(h3-
C3H5)(R,R)-3][Cl] and (� )4 a ± d (Table 2, entries 1 ± 4) this
was indeed found to be the caseÐbut only in the matched
manifold : (S)-4 a ± d gave (S)-6 of enantiomer ratio: 37 / 13 to
38 / 12 (S) / (R) (i. e. 50� 2 % ee). The mismatched manifold is
nucleofuge dependent: (R)-4 a gave 28 % ee (S)-6, (R)-4 b, c
both gave racemic (� )-6 and enantioselectivity was reversed
with (R)-4 d which gave 8 % ee (R)-6 (Figure 8 I, II, III). The
propensity of (R)-4 to give (R)-6 (i. e. a attack) increases with
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Figure 8. 13C{1H} NMR spectrum (C6D6, 0.154m (�)-Eu(hfc)3) of C(4') of 6
(0.28m) from ('Pd((R,R)-3)') catalysed reaction of (� )-4 a (I), (� )-4c (II)
and (� )-4d (III) matched manifold products are the ouside pair.

increasing steric bulk of nucleofuge. This trend does not
correlate with the pKa of the nucleofuge.

Relative rates : It is expected that substrates of type (� )-1, and
thus (� )-4, might undergo kinetic resolution[27] with catalysts
of type Pd((R,R)-3). Rather than measure the ee of 4 against
conversion, we note that the a/g ratios of 6 are a combination
of a constant a/g value (matched manifold) and a nucleofuge
dependent ratio (mismatched manifold). Thus the a/g ratios
of 6 obtained with (� )-3 allow an estimation of the selectivity
the racemic catalyst has for one manifold over the other
(Table 2, entries 1 ± 4, far right-hand column). By this process,
(� )-4 a ± d are all predicted to display matched manifold
selectivity which translates to kinetic resolution when enan-
tiomerically pure ligand is employed.[27c]

Nucleophile counter-cation: Trost et al. have reported that
[LiCH(CO2CH3)2] gives the opposite enantioselectivity to
[NaCH(CO2CH3)2] on Pd(R,R)-(3)-catalysed conversion of
(� )-1 to 2[28]Ðbut not on whether there is still a memory
effect. Since the intimate asymmetric ion-pairing model[4]

involves a coulombic attraction between the malonate
counter-ion (Na�) and the nucleofuge then (S)-4 a, the
matched enantiomer with [NaCH(CO2CH3)2] (external a

attack) would become the mismatched enantiomer with
[LiCH(CO2CH3)2] (external g attack) and vice versa. This is
not observed (Table 2, entry 5). There is still a memory effect
but (S)-4 a remains the matched enantiomerÐreacting faster
and giving higher ee (Figure 9).

Chloride ion: By using [Pd(R,R)-3)(h3-C3H5)]�[O3SCF3]ÿ

generated in situ as pro-catalyst, pivaloate (� )-4 d was treated
with [NaCH(CO2CH3)2] under chloride-free conditions (Ta-
ble 2, entry 6). As expected, reaction of matched (S)-4 d was
Clÿ independent (see Table 2, entry 4). However, (R)-4 d gave
a larger memory effect (5/17� 11/39, (S)-g-6/(R)-a-6)) and
thus chloride ion Clÿ (entry 4) reduces the memory effect in
the mismatched manifold.[27c]

C: Comparison with other ligands

In order to gain some insight into the possibility of unusual
coordination modes of 3 being involved in the memory effect
in the mismatched manifold, we studied a range of other
ligands (Table 2, entries 7 ± 14).

Bidentate ''PP'' and ''PN'' ligands : a/g Ratios with chiral 'PP'
ligands 11 and 12 (Table 2, entries 7 and 8) were no different
to those with achiral 'PP' ligands 7 to 10. With chiral 'PN'
ligand 13 (Table 2, entries 9 and 10) the small and inconclusive
differences may be the result of a SKIE. With 'PN' ligand 14[29]

(Table 2, entries 11 and 12) there was again a small difference
in stereochemical outcome and the matched manifold is
slightly faster with 4 a (ca. 1.4). With bulkier (� )-4 d a very

Table 2. Reactions of cyclopentenyl esters (� )-4a ± d (a/g �99, 0.12m) with 4.5 equivalents of [NaCH(CO2CH3)2] with 5 mol % pro-catalyst '[Pd(L)(h3-
C3H5)Cl]'[a] in THF at 25 8C.

Entry (� )-4 Ligand (L) a/g Ratio 6[b] er[c] (S/R)-6 from: ee[d] 6 Yield 6 Rate ratio[f]

L ((� )-L)) (S)-4 (a/g) (R)-4(g/a) [%] [%][e] (S)-4/(R)-4

1 4a (R,R)-3 55/45 (80/20) 38/12 32/18 40(S) 88 � 10
2 4b (R,R)-3 62/38 (68/32) 37/13 25/25 24(S) 82 3
3 4c (R,R)-3 62/38 (68/32) 38/12 25/25 29(S) 79 2
4 4d (R,R)-3 64/36 (77/23) 37/13 23/27 20(S) 70 � 10
5 4a[g] (R,R)-3 44/56 (24/76) 15/35 21/29 28(R) 93 � 10
6 4d (R,R)-3[h] 76/24 ( ± )[i] 37/13 5/17 17(S) 50[j] ± [i]

7 4a (R,R)-11 52/48 ( ± )[i] ± ± ± 82 ± [i]

8 4a (R,R)-12 52/48 ( ± )[i] ± ± ± 82 ± [i]

9 4a (S)-13 52/48 (52/48) 28/22 26/24 7(S) 88 1.0
10 4a (R)-13 52/48 (52/48) 25/25 22/28 7(R) 93 1.0
11 4a (R)-14 52/48 (55/45) 35/15 33/17 32(S) 81 1.4
12 4d (R)-14 52/48 (55/45) 36/14 32/18 38(S) 82 1.1
13 4a 16 ± 54/46 ± ± ± 18[k] ±
14 4a 17 ± 52/48 ± ± ± 88 ±

[a] Pro catalyst generated by addition of ligand to [Pd(h3-C3H5)]Cl]2. [b] a/g Ratio by 2H NMR spectroscopy (CHCl3, 61 MHz). [c] Enantiomer ratios (er
values) (S/R)-6 by integration of 13C{1H,2H} or 13C{1H} NMR spectra of C(4'), C(5'). [d] The ee of (S/R)-6 by integration of 13C{1H,2H} or 13C{1H} NMR
spectra of both diastereotopic CH3. [e] Yield of analytically pure material after chromatography on silica gel. [f] Calculated from result with racemic versus
enantiomerically pure ligand. [g] With [Li(CH(CO2CH3)2] prepared in situ from BuLi and CH2(CO2CH3)2. [h] Catalyst generated by addition of (R,R)-3 to
[Pd(h3-C3H5)](MeCN)2]� [O3SCF3]ÿ . [i] Not determined. [j] Work-up after 5 days. [k] Extensive catalyst decomposition under reaction conditions.
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Figure 9. 13C NMR analysis (as Figure 8) of C(4')-6 from reaction of (� )-
4a with [MCH(CO2CH3)2], M�Na, Li.

slight increase in the memory effect was accompanied by a
small decrease in kinetic selectivity for the matched manifold
(1.1 versus 1.4).
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Monodentate MeO-MOP ligand 15: Very recently, Hayashi
et al.[30] have reported near-perfect retention of regiochemis-
try in allylic alkylation catalysed by Pd complexes bearing the
very bulky ligand 15 ('(R)-MeO-MOP'). Detailed NMR
studies revealed monodentate coordination of a single ligand
15 to a Pd (p-cyclohexenyl) fragment, the fourth coordination
site is occupied by a chloro ligandÐeven with excess 15
present. A chloro ligand is essential for memory effects with
the 'P' ligand 15 but not with ligand 3.

Monophosphane ligands 16 and 17: With pro-anionic ligand
16 (Table 2, entry 13), slow turnover, accompanied by Pd
black precipitation, gave (� )-6 with a/g ratio of 1.16 that may
be the result of a small memory effect. With neutral ligand 17,
(Table 2, entry 14) there was no memory effect. Despite a
ratio of 17/Pd of 1/1, there was no trace of Pd black (unlike
with PPh3)[30a] and this suggests that 17 can function as a
chelating 'PO' ligand, when necessary in the catalytic cycle
and therefore intimates that 3 may also do so if required.[31]

D: Mechanistic aspects of the memory effect

The matched manifold: Selectivity for (S)-2 from Pd-cata-
lysed reaction of (� )-1 a in the presence of (R, R)-3) increases
in the order Li� (63 % ee R) , Na� (38% ee S), K� (51 % ee S),
Cs� (76% ee S).[28] It has been suggested that this may reflect
increasing relaxation of asymmetric intimate ion-pairs before
nucleophilic attack.[4,17a,32] The results we have obtained
suggest otherwise. It is thus instructive to compare the trend
(Li�! Cs�) reported for (R,R)-3 with trends observed with
other asymmetric ligands. With 1,3-diarylpropenyl substrates,
'PN' ligands of type 13 give the highest ee values[33] with low
concentrations of [KCH(CO2CH3)2]Ðlower ee values are
obtained with [NaCH(CO2CH3)2].[34] Similarly, with the
'Quinap' ligand 14, the use of a crown ether to complex Na�

gave best results.[12b] Late transition states have been suggest-
ed for these reactions[12] since stereocontrol is by developing
ligand ± alkene interactions.[35]

The ee values obtained with chiral PO ligand 18[36, 37] follow
the opposite order Li�>Na�>K�. In contrast to the tight
chiral pocket of 3, ligand 18 was designed to create a relatively
open chiral pocket so as to control the
rotamer population of the slim cyclic
anti-anti allyl system. Thus enantiose-
lectivity is induced by 18(Pd)-[h3-allyl]
interactions rather than developing
18(Pd)-[h2-alkene] interactions[35] and
an earlier transition state will give
greater kinetic differential (DDG=)
and thus ee. The trends for 13, 14 and 18 suggest that large,
soft, less coordinating counter-ions, which cause greater
charge delocalisation in the malonate anion, favour late
transition states[12b]Ðperhaps through attenuated charge
acceleration and increased frontier orbital control.[38]

Accordingly, with ligand (R,R)-(3) and (S)-1 (and thus (S)-
4) the smooth transition from g-selective attack[39] (pro-R) to
a-selective attack (pro-S) as (Li�!Cs�) suggests an inversion
of DDG= from early ligand-allyl interactions to late ligand ±
alkene interactions. These early (g) versus late (a) selectiv-

CO2H
PPh2

18
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ities are consistent with the reverse reaction (substrate
ionisation) in which ligand ± alkene interactions, in a presum-
ably early transition state, favour a-ionisation ((S)-4 a) over g-
ionisation ((R)-4 a).

Memory effects in the mismatched manifold: It is in the
mismatched manifold that the stereochemical dependence on

nucleofuge occurs. Comparison of
(S)- and (R)-1 with bulkier meso-
19 is instructive.

Coordination of (R,R)-(3)
through both P donor centres
may cause perturbations in Pd-p-

allyl electron distribution through distortion induced by steric
interactions.[40] This distortion is a key feature in enantiose-
lective nucleophilic attack on Pd-p-allyl systems with other
'PP' and 'NN' ligands,[41] and will also be important in the
reverse reaction: ionisation.[12b] Despite the tight chiral pocket
induced by the wide ligand bite-angle,[28] Pd(R,R)-(3) and
related catalysts can both accommodate and enantioselec-
tively ionise 19 which has a nucleofuge at both adjacent
enantiotopic allylic positions[42]Ðone matched the other
mismatched. This occurs formally by internal kinetic reso-
lution[43] ± ± ionisation occurs selectively at the matched
carbon. Ionisation at the mismatched carbon of 19 must
therefore be highly disfavoured by steric clash arising in the
rotational displacement of the Pd-p-[h2-alkene] unit to form a
Pd-p-[h3-allyl] unit.[35]

In contrast to 19, mismatched (R)-1 does not bear a
matched nucleofuge and can only ionise with disfavoured
torquo-selectivity.[35] The resulting steric strain may be
alleviated by breaking open the 'P,P' chelate to give an 'open
pocket' before or during ionisation. This process would give
rise to a (P,L)-Pd-(p-allyl) complex (L� unspecified non-
phosphane ligand or vacant site) and it is therefore instructive
to consider (P,N)-Pd-(p-allyl) complexes. Crystal structures[44]

of these complexes indicate that the C ± Pd bond to the allylic
terminus trans to P is longer than that trans to N. Arguments
have been put forward that the carbon trans to P should be
attacked more rapidly by nucleophiles[12, 45] and, by reverse
arguments, that ionisation should occur with the nucleofuge
trans to P.[27a] Mismatched ionisation of (R)-1 by a non-chelate
complex of type 'Pd(R,R)-3' should thus occur to give a (P,L)-
Pd-[h3-allyl] complex with a-C trans to P and nucleophilic
attack should also be a-C and trans to P. A memory effect with
a-C selectivity would then be observed provided endo-exo
rotamer equilibration or re-coordination of the second phos-
phine (13-membered chelate formation) is slow (Figure 10).

Ligand 3 as a ''PP'' versus ''P'', ''PO'' or ''PL'' ligand: Mono-
phosphane derivatives of (R,R)-3 (one Ph2P replaced by Ph2C
or H) generate Pd catalysts that induce lower and reversed
enantioselectivity in the allylic alkylation of (� )-1 and 19.[46]

However, memory effects may attenuate or reverse enantio-
selectivity and there is no direct evidence for the formation of
[Pd(3)p-allyl] type complexes in which both P donors
coordinate the Pd. Nonetheless, an NMR investigation[46] of
the reaction of 3 with [Pd2dba3 ´ CHCl3] in which a 3JP,P

coupling of 14.5 Hz, typical of cis phosphane ligand coordi-
nation is observed has been suggested as evidence that (R,R)-
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Figure 10. A mechanistic scheme for the memory effect. P is one of the two
triaryl phosphane donors in (R,R)-3 ; L is a vacant site or an unspecified
ligand for example amide C�O, chloride, nucleofuge etc.

3 acts as a 'PP' bidentate ligand toward Pd. An X-ray crystal
structure[47] of complex [Pd(20)p-allyl]�[ClO4]ÿ in which both
ligand P donor centres coordinate to a Pd allyl fragment has
also been reported.

Ligand 20 affords the
opposite sense of asym-
metric induction to li-
gand 21 in Pd-catalysed
reactions of 19 and die-
ster based ligands, for
example 22, gave lower
enantioselectivities
than diamide based li-
gands (e. g. (R,R)-3).
This suggests an impor-
tant role of the carbon-
yl oxygens in these re-
actions.[31] By simple
resonance arguments,
esters are expected to
be less metal-coordi-
nating at carbonyl oxy-
gen than amides. The
quasi-meso ester ± a-
mide hybrid ligand 23
actually induces greater
enantioselectivity than

O2CRRCO2
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22 and thus does not behave like diester 24 which, being meso,
would not induce enantioselectivity at all.[28]

Conclusions

We have developed an effective and practical 13C NMR
method to study the stereochemical outcome from the Pd-
catalysed addition of [MCH(CO2CH3)2] to racemic (� )-4 a ±
d. Racemic 2H-labelled substrates are readily synthesised and
this technique should be applicable to the study of other
allylic alkylation reactions. Only one enantiomer of chiral
ligand is required and use of substoichiometric nucleophile
can give information on kinetic resolution. Using (� )-4 a ± d,
(� )-5 a and (� )-5 b, we have studied the memory effects that
occur when ligand (� )-3 and (R,R)-3 are employed in this
reaction. Key results are: i) There is evidence for intimate ion-
pairing in both the matched and mismatched manifolds, but
this does not seem to be the cause of the memory effect. ii) In
the matched manifold, the mechanism is likely to be normal
that is involving a meso-p-allyl intermediate. iii) In the
mismatched manifold, bulky nucleofuges give greater memory
effects. iv) The matched manifold is kinetically favoured over
the mismatched.[27c] v) With both [NaCH(CO2CH3)2] and
[LiCH(CO2CH3)2], the same substrate ± catalyst combination
forms the matched pairÐdespite opposite regiochemical
outcome on nucleophilic attack. vi) Chloride ion reduces
the memory effect in the mismatched manifold.

Since no significant memory effects were observed with PO
or PN ligands and, as discussed earlier, powerful memory
effects have been reported for the very bulky monodentate 'P'
ligand 15,[30] one interpretation of the results obtained with 3
is that due to unfavourable torquo-selectivity during the
mismatched ionisation event, ligand 3 may act, at least in part
of the catalytic cycle, as a very bulky 'P' ligand which thus
produces non-meso intermediates. Consistent with this is the
observation that the presence of catalytic quantities of
chloride ion substantially accelerate the reaction of the
mismatched substrate.[27c] However, the true and possibly
variable coordination nature of 3 to Pd throughout the various

stages of the overall matched and mismatched catalytic cycles
are as yet undetermined.

Experimental Section

General: All manipulations were performed on a vacuum line (argon or
nitrogen) using standard Schlenk techniques. THF, Et2O, DMF and CH2Cl2

were anhydrous (Fluka) and, when appropriate, were degassed (freeze-
thaw cycles) and then argon- or nitrogen-saturated prior to use. NMR:
Bruker 600, Jeol GX400, Jeol Lambda 300, Jeol GX270. MS (EI):
Micromass Autospec. Optical rotation: Perkin Elmer 141 polarimeter.
Flash column chromatography: Merck silica gel 60 (0.04 ± 0.063 mm). TLC:
0.25 mm, Merck silica gel 60 F254 visualising at 254 nm or with dilute acidic
aqueous KMnO4 solution. Elemental analyses were performed by the
analytical service in the School of Chemistry, University of Bristol.

Materials: Ligand 13 was prepared according to a literature procedure.[48]

Quinap ligand 14 was a gift from Dr. John M. Brown FRS, Oxford.
Cyclopent-2-en-1-one, cyclopent-2-en-1-one diethylene ketal, 1-(3-dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI), ligands 7 ±
12 and ((�)-Eu(hfc)3) were purchased from Aldrich and used as received.
(� )- and (1R, 2R)-trans-1,2-diaminocyclohexane and 4-N,N-dimethylami-
nopyridine (DMAP) were purchased from Fluka and used as received.
H2[18O] (97 % 18O, containing 25% 2H2

18O), [2H2]O (>99.5 % 2H) and
LiAl[2H4] (>99.9 % 2H) were purchased from Cambridge Isotope Labo-
ratories. [Pd(h3-C3H5)]Cl]2 was purchased from Strem and recrystallised
(CH2Cl2/hexane). [NaCH(CO2CH3)2][49] was recrystallised from MeOH
and dried in vacuo. [Pd(L2)(h3-C3H5)]�[O3SCF3]ÿ were prepared in
analytically pure form by addition of one equivalent of L2 to
[Pd(MeCN)2(h3-C3H5)]�[O3SCF3]ÿ[50] in CH2Cl2, evaporation, then recrys-
tallisation from CH2Cl2/Et2O.
Preparation of isotopically labelled compounds
(� )-1-[2H1]-cyclopent-2-en-1-ol and 18O-cyclopent-2-en-1-ol : Cyclopente-
none (12.89 mL, 154 mmol) in Et2O (125 mL) was added dropwise to a
suspension of LiAl[2H4] (2.21g, 52.6 mmol) in Et2O (50 mL). After
complete addition, water (12 mL) was added dropwise (CAUTION!)
followed by MgSO4 (ca. 10 g). The resulting suspension was stirred
overnight and then filtered through Celite, the filtrate concentrated in
vacuo (� 250 mmHg, 40 8C) to about 15 mL and distilled. (� )-1-[2H]-
cyclopent-2-en-1-ol was collected (ca. 20 mmHg, 59 8C) as a colourless
liquid (10.5 g, 83 %). 1H NMR (CDCl3, 400 MHz, 21 8C, TMS): d� 6.0 (ddd,
3J (H,H)� 5.5, 2.4, 2.4 Hz, 1 H; C(3)H), 5.8 (ddd, 3J(H,H)� 5.5, 4J(H,H)�
2.0, 2.0 Hz, 1 H; C(2)H), 2.5 (m, 1H; C(4)Hsyn), 2.2 (m, 2 H; C(4)Hanti,
C(5)Hanti), 1.78 (m, 1H; C(5)Hsyn); 13C{1H} NMR (CDCl3, 75 MHz, 21 8C,
TMS): d� 135.1 (C(3)), 133.3 (C(3)), 77.1 (t, 1J(H,2H)� 21 Hz, C(1)), 33.2
(C(4)), 31.0 (C(5)); 2H NMR (CHCl3, 61 MHz, 21 8C, CDCl3): d� 4.78 (br.
s, C(1)2H).[51]18O-cyclopent-2-en-1-ol was prepared by identical procedure
(with LiAl[1H4]) using 18O-cyclopentenone prepared by reaction of ice-
cold cyclopentenone diethyleneketal (5.97 g, 47.3 mmol) with H2[18O]
(0.97 mL, 47.3 mmol) and oxalic acid (8 mg, 8.4 mmol). Analytical data:
18O-cyclopent-2-en-1-ol: 13C{1H} NMR (C6D6, 100 MHz, 21 8C): d� 134.4
(C(3)), 134.1 (C(2)), 77.3 (C(1)-18OH), 33.5 (C(4)), 31.3 (C(5)); MS (EI): m/
z (%): 85 (100) [MÿH�].

Acetates (� )-4 a and (� )-5 a : To a stirred solution of (� )-1-[2H1]-cyclo-
pent-2-en-1-ol (2.5 g, 29.4 mmol) in CH2Cl2 (125 mL) was added Et3N
(4.4 mL, 31.5 mmol), DMAP (6 mg, 0.05 mmol) and finally Ac2O (3.91 mL,
41.4 mmol). After 24 h, TLC (12/1 hexane/EtOAc) showed complete
consumption of the cyclopent-2-en-1-ol (Rf� 0.1) and the reaction mixture
was poured into water (100 mL), extracted with CH2Cl2 (150 mL), dried
(MgSO4) and concentrated in vacuo to afford a colourless oil. Purification
by silica-gel chromatography (4.5� 21 cm) followed by fractional distil-
lation afforded (� )-4a (2.1 g, 57%; b.p 48 ± 55 8C, about 20 mmHg) as a
colourless oil. 1H NMR (CDCl3, 270 MHz, 21 8C, TMS): d� 6.11 (m, 1H;
C(3)H), 5.82 (m, 1H; C(2)H), 2.51 (m, 1 H; C(4)Hsyn), 2.30 (m, 2H;
C(4)Hanti, C(5)Hanti), 2.03 (s, 3 H; Me), 1.80 (m, 1 H; C(5)Hsyn); 2H NMR
(CHCl3, 46 MHz, 21 8C, CDCl3): d� 5.7 (br. s, C(1)2H); 13C{1H} NMR
(75 MHz, CDCl3, 21 8C, TMS): d� 171.1 (C�O), 137.7 (C(3)), 129.2 (C(2)),
80.2 (t, 1J(H,2H)� 24 Hz, C(1)), 31.1 (C(4)), 29.7 (C(5)), 21.4 (CH3).
Compound (� )-5a was prepared by an identical procedure with 18O-
cyclopent-2-en-1-ol. Analytical data for (� )-5a : 13C{1H} NMR (C6D6,
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100 MHz, 21 8C): d� 171 (C�O), 37.1 (C(3)), 130.1 (C(2)), 80.40 (ca. 6%,
(C(1)-16O), 80.37 (ca. 94%, C(1)-18O), 31.2 (C(4)), 30.1 (C(5)), 20.9 (CH3).

Benzoates (� )-4 b and (� )-5 b : Compound (� )-4 b was prepared in an
identical manner to (� )-4a but with PhCOCl. Kugelrohr distillation (oven
T� 190 8C, ca. 20 mmHg) gave (� )-4 b (1.82g, 80 %) as a colourless oil,
TLC, 19/1 hexane/EtOAc, Rf� 0.3. 1H NMR (CDCl3, 300 MHz, 21 8C,
TMS): d� 8.03 (dd, 3J(H,H)� 7, 5J(H,H)� 0.5 Hz, 2H; C(2')H), 7.54 (ddd,
3J(H,H)� 9, 7, 5J(H,H)� 0.5 Hz, 2H; C(3')H), 7.42 (tt, 3J(H,H)� 9 Hz,
4J(H,H)� 1 Hz, 1H; C(4')H), 6.18 (m, 1H; C(3)H ), 5.94 (m, 1H; C(2)H),
2.54 (m, 1H; C(4)Hsyn), 2.39 (m, 2 H; C(4)Hanti, C(5)Hanti), 1.94 (m, 1H;
C(5)Hsyn); 2H NMR (CHCl3, 61 MHz, 21 8C, CDCl3): d� 6.0 (br. s, C(1)2H);
13C{1H} NMR (75 MHz, CDCl3, 21 8C, TMS): d� 166.6 (C�O), 137.8
(C(3)), 132.7 (CHp-arom), 130.7 (Ci-arom), 129.6 (CHo-arom), 129.3 (C(2)), 128.3
(CHm-arom), 80.8 (t, 1J(H,2H)� 24 Hz, C(1)), 31.2 (C(4)), 29.8 (C(5)). (� )-
5b, from 18O-cyclopent-2-en-1-ol: 13C{1H} NMR (75 MHz, C6D6, 21 8C):
d� 137.4 (C(3)), 132.8 (C(2)), 130.0 (CHo-arom, CHp-arom), 129.9 (Ci-arom),
128.5 (CHm-arom), 81.195 (ca. 95 %) (s; C(1)-18O), 81.230 (ca. 5 %) (s; C(1)-
16O), 31.3 (C(4)), 30.2 (C(5)); MS (EI): m/z (%): 190 (4) [M�] 149 (5), 105
(30), 88 (10), 86 (64), 84 (100), 77 (21).

Methyl carbonate (� )-4 c : MeOCOCl (1.43 mL, 18.4 mmol) was added
dropwise over 2 min. to a vigorously stirred solution of (� )-1-[2H1]-
cyclopent-2-en-1-ol (1.0 g, 11.7 mmol) in pyridine (10 mL) and CH2Cl2

(30 mL) at 0 8C. After 1 h (TLC, 12/1 hexane/EtOAc) showed complete
conversion and the reaction mixture was poured into aqueous NH4Cl
(50 mL) and extracted with diethyl ether (150 mL). The organic extract was
washed with portions of 2m HCl (20 mL) until the washings were acidic,
then washed with water (50 mL), brine (50 mL) and dried over MgSO4.
Concentration in vacuo followed by fractional distillation afforded (� )-4 c
(1.25 g, 75%) as a colourless oil, b.p (76 ± 80 8C, ca. 20 mmHg). 1H NMR
(CDCl3, 270 MHz, 21 8C, TMS): d� 6.15 (m, 1H; C(3)H), 5.88 (m, 1H;
C(2)H), 3.77 (s, 3H; Me), 2.55 (m, 1 H; C(4)Hsyn), 2.32 (m, 2H; C(4)Hanti,
C(5)Hanti), 1.92 (m, 1 H; C(5)Hsyn); 2H NMR (CHCl3, 61 MHz, 21 8C,
CDCl3): d� 5.58 (br s, C(1)2H); 13C{1H} NMR (75 MHz, CDCl3, 21 8C,
TMS): d� 155.6 (C�O), 138.6 (C(3)), 128.6 (C(2)), 83.9 (t, 1J (H,2H)�
24 Hz, C(1)), 54.5 (CH3), 31.1 (C(4)), 29.6 (C(5)). Note: Chromatography
on silica-gel causes scrambling of the 2H label (in our case: about 17 % (� )-
g-4c)Ðpresumably by an ionic mechanism.

Pivaloate (� )-4d : Prepared in an identical manner to (� )-4 a but with
Me3COCl. Kugelrohr distillation (oven T� 150 8C, ca. 20 mmHg) gave
(� )-4d (1.82 g, 92%) as a colourless oil, TLC, 12/1 hexane/EtOAc, Rf�0.5.
1H NMR (CDCl3, 270 MHz, 21 8C, TMS): d� 6.1 (m, 1 H; C(3)H), 5.8 (m,
1H; C(2)H), 2.5 (m, 1H; C(4)Hsyn), 2.3 (m, 2 H; C(4)Hanti, C(5)Hanti), 1.75
(m, 1H; C(5)Hsyn), 1.2 (s, 1H; C(CH3)3); 2H NMR (CHCl3,46 MHz, 21 8C,
CDCl3): d� 5.6 (br. s, C(1)2H); 13C{1H} NMR (75 MHz, CDCl3, 21 8C,
TMS): d� 178.6 (C�O), 137.2 (C(3)), 129.4 (C(2)), 89.9 (t, 1J (H,2H)�
24 Hz, C(1)), 38.6 (C(CH3)3), 31.1 (C(4)), 29.7 (C(5)), 27.2 (C(CH3)3).

4,4''-[2H2]-biphenyl : This was prepared from 4-[2H1]-chlorobenzene (90.4 %
2H) by homocoupling[52] and purified by vacuum sublimation (65 8C,
0.1 mmHg), m. p. 69 ± 72 8C, 1H NMR (CDCl3, , 400 MHz, 21 8C, TMS): d�
7.67 (d, 3J(H,H)� 7.6 Hz, 4 H; C(2,2')H), 7.50 (d, 3J(H,H)� 7.7 Hz, 4H;
C(3,3')H); 13C NMR (CDCl3, 100 MHz, 21 8C, TMS): d� 141.0 (C(1,1')),
128.4 (C(3,3')), 127.0 (C(2,2') arom.), 126.8 (t, 1J (H,2H)� 24 Hz,
C(4,4')[2H]); 2H NMR (CHCl3, 61 MHz, 21 8C, CDCl3): d� 7.50 (br. s,
C(4,4')2H).

Preparation of ligands
2-(Diphenylphosphino)benzoic acid 16 : This was prepared according to a
procedure in Inorganic Syntheses.[53] In our hands this method gave 16 with
one equivalent MeOH of crystallisation which must be removed [100 8C,
0.1 mmHg, 12 h] before preparation of 3. Selected analytical data for 16 :
C19H15O2P (306.30): calcd: C 74.51, H 4.94; found C 74.67, H 4.95. 31P NMR
(CDCl3, 122 MHz, 24 8C): d�ÿ4.1 (s).

Ligand 3 (R,R)-3 and (� )-3 : These were prepared by a modification of the
literature procedure.[54] Thus, a solution of (1R, 2R)-trans-1,2-diaminocy-
clohexane (400 mg, 3.5 mmol) in CH2Cl2 (5 mL) was added to a solution of
16 (2.25 g, 7.35 mmol) and DMAP (4.9 mg, 0.04 mmol) in CH2Cl2 (40 mL).
After addition of EDCI (1.57 g, 8.21 mmol) the slightly cloudy yellow
solution was stirred at 25 8C for 2 h45 min and then partitioned between
Et2O (200 mL) and 1m HCl (ca. 50 mL). The organic phase was separated,
washed sequentially with a further two portions of 1m HCl (ca. 50 mL),
water (50 mL), three portions of 1m NaHCO3 (ca. 50 mL), water (50 mL)

and saturated brine (50 mL). After the mixture had been dried (MgSO4),
the solvent was removed in vacuo and the residue crystallised from MeCN
and dried in vacuo (50 8C, 0.1 mmHg). Ligand (R,R)-3 (2.8 g, 55%) was
obtained as a white crystalline mass. [a]D� 61 (c� 2.3, CH2Cl2, 21 8C; ref.
[54] [a]D� 55, c� 2.85, CH2Cl2); C44H40N2O2P2 (690.76): calcd: C 76.51, H
5.84, N 4.06; found C 76.49, H 5.95, N 4.17. 31P NMR (CDCl3, 122 MHz,
24 8C): d�ÿ9 (s). MS (EI): m/z (%): 691 (12) [M�] 612 (4), 535 (3), 387
(12), 304 (100), 288 (30), 226 (36), 183 (28), 84 (55). The minor (S,S)-
enantiomer of 3 could not be detected by chiral HPLC. (� )-3 was prepared
in an identical manner.

PO-ligand 17: This was prepared from 16 (0.35 g, 1.14 mmol) in an identical
manner to 3 but using tert-butylamine (0.110 mg, 1.5 mmol) and recrystal-
lisation from hexane/CH2Cl2 to afford 17 as white needles (150 mg, 36%).
M.p. 157 ± 159 8C. C23H24NOP (361.42): calcd: C, 76.43, H, 6.69, N, 3.88
found C 76.46, H 6.37, N 3.75; 31P NMR (CDCl3, 122 MHz, 21 8C): d�
ÿ10.7 (s); 1H NMR (CDCl3, 400 MHz, 21 8C, TMS): d� 7.62 (br. m, 1H),
7.41 ± 7.31 (br. m, 7H), 7.34 ± 7.24 (br. m, 5H), 6.87 (br. m, 1H), 5.72 (br. s,
NH), 1.19 (s, 9 H; (CH3)3); 13C NMR (CDCl3, 75 MHz, 21 8C, TMS) 168.3
(C�O), 142.9 (d, 2J(C,P)� 26 Hz, C(2)), 136.7 (Cipso PPh2), 136.5 (C(1)),
133.9 (d, 2J(C,P)� 20 Hz; Cortho PPh2), 133.8 (C(6)), 129.0 (Cpara PPh2), 128.9
(C(4)), 128.6 (d, 4J(C,P)� 7 Hz; Cmeta PPh2), 128.1 (C(3)), 51.9 (C(CH3)3),
28.3 (C(CH3)3); MS (EI): m/z (%): 362 (0.5) [MH�] 304 (100) [Mÿ tBuH�],
227 (35), 183 (20), 152 (6), 84 (10), 77 (14). IR (KBr) nÄ � 1635, 1538 cmÿ1

(C�O).

Palladium-Catalysed allylic alkylations: The following procedure for
reaction of (� )-4 with [NaCH(CO2CH3)2] catalysed by Pd(R,R)-(3) is
typical: A mixture of [Pd(h3-C3H5)]Cl]2 (7 mg, 0.019 mmol) and (1R, 2R)-3
(40.4 mg, 0.058 mmol) were dissolved, under N2, in THF (0.7 mL) and
stirred at 25 8C for 20 min to afford a yellow solution. In a separate Schlenk
tube, (� )-4 a (100 mL, 0.78 mmol) was added by microsyringe to a solution
of [NaCH(CO2CH3)2] (270.3 mg, 1.75 mmol) in THF (6 mL) followed
immediately by the solution of [Pd(h3-C3H5)(1R, 2R)-3 ]�[Cl]ÿ resulting in
rapid formation of a slightly viscous yellow solution. TLC (12:1 hexane/
EtOAc) after 5 min indicated the presence of 6 (Rf� 0.34) and absence of
(� )-4a (Rf� 0.50). The reaction mixture was immediately quenched by
addition of aqueous NH4Cl (10 mL, 2.65m) and extracted with CH2Cl2 (4�
25 mL). The combined extracts were dried (MgSO4) and evaporated to
afford a pale brown oil and solid. This was applied to a pre-solvated silica
gel column (2.5� 25 cm) and eluted with 12:1 hexane/EtOAc, collecting
14 mL fractions (gravity column). Fractions 21 to 28 (containing material of
Rf� 0.34) were evaporated to afford a mixture of (1')[2H1]- and (3')[2H1]-
dimethyl (2'-cyclopentenyl)methanedicarboxylate a-6 and g-6 as a colour-
less oil (136.0 mg, 88 %). 1H NMR (CDCl3, 300 MHz, 21 8C, TMS) (2): d�
5.84 (dddd, 3J(H,H)� 5.7, 2.2, 2.2 4J(H,H)� 2.2 Hz, 1H; C(3')H), 5.65
(dddd, 3J(H,H)� 5.7, 2.2, 4J(H,H)� 2.2, 2.2 Hz, 1 H; C(2')H), 3.37 (ddddd,
3J(H,H)� 8.1, 6.0, 5.7, 2.2 4J(H,H)� 2.2 Hz, 1 H; C(1')H), 3.74 (s, 6 H; 2�
CH3), 3.28 (d, 3J(H,H)� 5.7 Hz, 1H; C(1)H), 2.35 (m, 2 H; C(4')H2), 2.13
(dddd, 2J(H,H)� 12.7, 3J(H,H)� 8.1, 8.1, 5.7 Hz, 1 H; C(5')Hcis), 1.59 (dddd,
2J(H,H)� 12.7, 3J(H,H)� 8.6, 6.0, 6.0 Hz, 1H; C(5')Hanti); 13C{1H} NMR
(CDCl3, 75 MHz, 21 8C, TMS) (a-6): d� 168.9, 168.8 (2C�O), 132.8
(C(3')), 131.05 (C(2')), 56.3 (C(1)), 52.1, 52.0 (2CH3), (44.8 (t, 1J(H,2H)�
21 Hz, C(1')), 31.5 (C(4')), 27.5 (C(5')); (g-6): d� 168.9, 168.8 (2 C�O);
132.5 (t, 1J(H,2H)� 25 Hz, C(3')), 131.0 (C(2')), 56.4 (C(1)), 52.1, 52.0
(2CH3), 44.2 (C(1')), 31.4 (C(4')), 27.4 (C(5')); ((� )-2): d� 168.9, 168.8
(2C�O), 132.7 (C(3')), 131.11 (C(2')), 56.4 (C(1)), 52.1, 52.0 (2CH3), (45.2
(C(1')), 31.5 (C(4')), 27.4 (C(5')); 2H NMR (CHCl3, 46 MHz, 21 8C, CDCl3):
d� 5.85 (br. s, C(3')2H; g-6), 3.34 (br. s, C(1')2H; a-6) ratio a/g� 0.55/0.45.

Analysis of regioisotopomeric enantiomers of 6 by 13C NMR spectroscopy :
a/g-6 (40 mg, 0.20 mmol) was dissolved in C6D6 (0.70 mL) and then
(�)Eu(hfc)3 (132.0 mg, 0.11 mmol) added to give a clear bright yellow
solution. The enantiomer ratios of the isotopomers were estimated by
integration of the 13C{1H, 2H} NMR (150 MHz, C6D6, 25 8C) spectrum
acquired with a five second delay (d1) between [pulse-FID]. A 3.2 ms pulse
was applied with a 0.999 second accumulation time and a total of 512
transients acquired. A shifted sine-bell squared weighting was applied
before Fourier transform and integration was by cut and weigh. The {1H,
2H} decoupling coils were switched off during d1 and on during
accumulation time. A correction factor for each carbon signal was
estimated by use of a 1.02/1.00 sample of racemic a-6/g-6 and then applied
to the integral values of the reaction samples of interest. The following
relative integrals (%) were obtained: (S)-a/g-6 (70 %) 54.06, 53.57
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((CO2CH3)2); (R)-a/g-6 (30 %) 53.86, 53.72 ((CO2CH3)2); (S)-a-6 (38 %)
33.63 (C(4')), 30.79 (C(5')); (R)-a-6 (32 %) 33.33 (C(4')), 30.37 (C(5')), (S)-
g-6 (12 %) 33.51 (C(4')), 30.91 (C(5')), (R)-g-6 (18 %) 33.21 (C(4')), 30.49
(C(5')). Analysis by 13C{1H} NMR (100 MHz, C6D6, 21 8C) gave similar
results (� 1 %).

Time-course studies : The following procedure is typical: A mixture of
[Pd(h3-C3H5)]Cl]2 (3.6 mg, 9.8 mmol) and (� )-3 (20.4 mg, 29.5 mmol) were
dissolved, under N2, in THF (3 mL) and stirred at 25 8C for 20 min. In a
100 mL Schlenk tube, (� )-4 a (500 mL, 3.94 mmol) was added by micro-
syringe to a solution of [NaCH(CO2CH3)2] (607 mg, 3.94 mmol) and 4,4'-
[2H2]-biphenyl (353 mg, 2.26 mmol) in THF (36 mL). The solution of
[Pd(h3-C3H5)(� )-3 ]�[Cl]ÿ was then rapidly transferred (with the aid of a
further 1 mL THF) to the reaction mixture and then the first sample
(5.6 mL) removed by syringe (within 5 s from addition of catalyst solution).
The sample was immediately quenched into 10 % aqueous NH4Cl (50 mL).
After extraction with three portions of CH2Cl2 (10 mL), the combined
extracts were dried (MgSO4) and concentrated in vacuo (35 8C, 20 mmHg,
2 h to remove (� )-4a (checked by TLC), the residue (essentially a mixture
of (� )-6, 4,4'-[2H2]-biphenyl and CH2(CO2CH3)2) was dissolved in CHCl3

(containing 1% CDCl3 and freshly filtered through alumina) and analysed
by 2H NMR (61 MHz). This indicated 2.8% conversion by integration of
the 2H signals arising from 4,4'-[2H2]-biphenyl, a-6 and g-6. A further six
samples were taken at 8, 23, 36, 52, 82 and 237 minutes, worked up and
analysed in an identical manner.

Recovery of (� )-4 and (� )-5 under turnover and non-turnover conditions:
Reactions performed as detailed above were monitored by TLC until about
50% conversion then rapidly worked up and substrate/product isolated by
silica gel chromatography. Thus from (� )-4 a was obtained: (� )-4 a (67 mg,
42%) 2H NMR (CHCl3, 61 MHz, 21 8C, CDCl3): d� 6.11 (< 2%, C(1)2H),
5.7 (br. s,> 98 % C(1)2H) and (� )-6 (136 mg, 55%), 2H NMR (CHCl3,
61 MHz, 21 8C, CDCl3): d� 5.85 (br. s, 19 %, C(3')2H; g-6); d� 3.34 (br. s,
81%, C(1')2H; a-6). From (� )-5 b (16 % recovery): 13C{1H} NMR
(100 MHz, C6D6, 21 8C): d� 81.230 (10 %) (s, C(1)-16O) 81.195 (90 %) (s,
C(1)-18O) and (� )-2 (61 % yield). From (� )-5a (20 % recovery): 13C{1H}
NMR (100 MHz, C6D6, 21 8C): d� 80.40 (11 %), (s, C(1)-16O), 80.37 (89 %)
(s, C(1)-18O) and (� )-2 (42 % yield). For non-turnover conditions, reactions
were performed with a 0.85/1.0 mole ratio of [NaCH(CO2CH3)2] to (� )-4
or (� )-5. Thus from (� )-4 a : (9 % recovery) 2H NMR (CHCl3, 61 MHz,
21 8C, CDCl3) 6.11 (ca. 50 %, C(3)2H), 5.7 (br. s, ca. 50 % C(1)2H)) and (� )-
6 (20 % yield) 2H NMR (CHCl3, 61 MHz, 21 8C, CDCl3): d� 5.85 (br. s,
21%, C(3')2H; g-6); 3.34 (br. s, 79%, C(1')2H; a-6). With (� )-5b : (28 %
recovery) 13C{1H} NMR (100 MHz, C6D6, 21 8C): d� 81.195 (ca. 48 %) (s,
C(1)-18O), 81.230 (ca. 52 %) (s, C(1)-16O) and (� )-2 (58 % yield).

Acknowledgments: S.C.S. thanks the University of Bristol for a postgrad-
uate scholarship. G.C.L.-J thanks the Zeneca Strategic Research Fund for
generous and ongoing support. We thank Dr. John M. Brown FRS (Oxford
University) for detailed mechanistic discussion and for kindly providing
samples of racemic and enantiomerically pure 'Quinap' ligand 14. We also
thank Dr Pavel KocÏovskyÂ (University of Leicester) for discussion regarding
memory effects and for a pre-print of reference [24b]. We thank Dr. Ian H.
Sadler, National Ultra High Field NMR Centre (University of Edinburgh)
for 150 MHz NMR 13C{1H,2H} spectra, Dr. Martin Murray (University of
Bristol) for NMR spectral simulation and Dr. Torren M. Peakman
(University of Bristol) for help with the acquisition of 2H and 13C NMR
spectra. Katharine L. Bray (University of Bristol) prepared (R)-13, (S)-13
and (� )-13, Dr. Jim Ramsden (Chirotech, UK) kindly assayed the ee of 3,
Dr. Brian E. Looker (GlaxoWellcome, UK) donated 18OH2.

[1] J. C. Fiaud, J. L. Malleron, Tetrahedron Lett. 1981, 22, 1399 ± 1402
[2] Leading references: a) H. Steinhagen, M. Reggelin, G. Helmchen,

Angew. Chem. 1997, 109, 2199 ± 2202; Angew. Chem. Int. Ed. Engl.
1997, 36, 2108 ± 2110; b) D. L. Romero, E. L. Fritzen, Tetrahedron Lett.
1997, 38, 8659 ± 8662; c) reveiws: G. Consiglio, R. M.Waymouth,
Chem. Rev. 1989, 89, 257 ± 276; d) C. G. Frost, J. Howarth, J. M. J.
Williams, Tetrahedron: Asymmetry 1992, 3, 1089 ± 1122; e) B. M. Trost,
D. L. Van Vranken, Chem. Rev. 1996, 96, 395 ± 422.

[3] B. M. Trost, N. R.Schmuff, Tetrahedron Lett. 1981, 22, 2999 ± 3000

[4] B. M. Trost, R. C. Bunt, J. Am. Chem. Soc. 1996, 118, 235 ± 236.
[5] Reaction of 1,3-diaryl propenyl acetates with non-racemic chiral Pd

complexes is independent of the ee of the substrate: P. von Matt, G. C.
Lloyd-Jones, A. B. E. Minidis, A. Pfaltz, L. Macko, M. Neuburger, M.
Zehnder, H. RuÈ egger, P. S. Pregosin, Helv. Chim. Acta. 1995, 78, 265 ±
284.

[6] To obtain a scrambled mixture (a/g) of (� )-4 a we employed a PdII

catalyst (see for example reference [7]) to effect 1,3-allylic isomer-
isation (final a/g� 0.9).

[7] Both Pd0 and PdII can effect formal 1,3-sigmatropic rearrangement of
allylic esters: a) L. E. Overman, F. M. Knoll, Tetrahedron Lett. 1979, 4,
321 ± 324; b) T. G. Schenk, B. Bosnich, J. Am. Chem. Soc. 1985, 107,
2058 ± 2066

[8] The magnitude of a SKIE usually reflects differences in C-hybrid-
isation between ground state and transition state at the reacting
centres: T. H. Lowry, K. S. Richardson, Mechanism and Theory in
Organic Chemistry, 3rd ed., Harper and Row, NY, 1987, pp. 232 ± 244.

[9] Isotopic perturbation of resonance may also be involved, see for
example a) D. A. Forsyth, M. M. MacConnell, J. Am. Chem. Soc. 1983,
105, 5920 ± 5921; b) J. R. Wesener, H. Günther, Tetrahedron Lett. 1982,
23, 2845 ± 2848.

[10] a) J. Lehmann, G. C. Lloyd-Jones, Tetrahedron 1995, 51, 8863 ± 8874;
b) B. M. Trost, M. -H. Hung, J. Am. Chem. Soc. 1983, 105, 7757 ± 7759;
c) B. M. Trost, M. -H. Hung, J. Am. Chem. Soc. 1984, 106, 6837 ± 6839;
d) B. M. Trost, M. Lautens, M.-H. Hung, C. S. Carmichael, J. Am.
Chem. Soc. 1984, 106, 7641 ± 7643; e) B. M. Trost, G. B. Tometzki, M.-
H. Hung, J. Am. Chem. Soc. 1987, 109, 2176 ± 2177; f) H. Frisell,
B. �kermark, Organometallics 1995, 14, 561 ± 563.

[11] For highly enantioselective catalysis by related Mo complexes bearing
ligands related to 3 see: B. M. Trost, I. Hachiya, J. Am. Chem. Soc.
1998, 120, 1104 ± 1105; see also D. DvorÏaÂk, I. StaryÂ, P. KocÏovskyÂ, J. Am.
Chem. Soc. 1995, 117, 6130 ± 6131.

[12] Later transition states have been suggested for asymmetric allylic
alkylation, see for example: a) H. Steinhagen, M. Reggelin, G.
Helmchen, Angew. Chem. 1997, 109, 2199 ± 2202, Angew. Chem. Int.
Ed. Engl. 1997, 36, 2108 ± 2110; b) J. M. Brown, D. I. Hulmes, P. J.
Guiry, Tetrahedron 1994, 50, 4493 ± 4506.

[13] Greater ligand bite-angle is suggested to result in later transition
states: M. Kranenburg, P. C. J. Kamer, P. W. N. M. van Leeuwen, Eur.
J. Inorg. Chem. 1998, 1, 25 ± 27.

[14] Early transition states have also been suggested: P. B. Mackenzie, J.
Whelan, B. Bosnich, J. Am. Chem. Soc. 1985, 107, 2046 ± 2054.

[15] R. PreÂtoÃ t, A. Pfaltz, Angew. Chem. 1998, 110, 337 ± 339, Angew. Chem.
Int. Ed. 1998, 37, 323 ± 325.

[16] These conditions follow those reported earlier, except that racemic
(� )-3 instead of enantiomerically pure (S,S)- or (R,R)-3 is used; B. M.
Trost, R. C. Bunt, J. Am. Chem. Soc. 1996, 118, 235 ± 236, supplimen-
tary material.

[17] After turnover ceased, the concentrations of a-6 and g-6 were
invariant and thus the reactions are irreversible. Dimethylmalonate
can act as a nucleofuge in allylic alkylationÐalthough usually under
more forcing conditions, see for example: a) B. M. Trost, R. C. Bunt, J.
Am. Chem. Soc. 1998, 120, 70 ± 79; b) H. Bricout, J.-F. Carpentier, A.
Mortreux, Tetrahedron Lett. 1997, 38, 1053 ± 1056.

[18] a) T. H. Lowry, K. S. Richardson, Mechanism and Theory in Organic
Chemistry, 3rd ed., Harper and Row, NY, 1987, pp. 341 ± 349; b) R. A.
Sneen, Acc. Chem. Res. 1973, 6, 46 ± 53; c) S. S. Kantner, K. Humski,
H. L. Goering, J. Am. Chem. Soc. 1982, 104, 1693 ± 1697.

[19] Measurements were calibrated by addition of (� )-1 b (0, 5 and 10%)
to 95 % 18O-(� )-5 b.

[20] M. Kawatsura, Y. Vozomi, T. Hayashi, Chem. Commun. 1998, 217 ±
218.

[21] U. Burckhardt, M. Baumann, A. Togni, Tetrahedron: Asymmetry 1997,
8, 155 ± 159.

[22] The halide is postulated to do this by acceleration of exo and endo
rotamer equilibration in intermediate 1,3-diphenyl allyl Pd-(PN)
complexes by one or more of the following: i) Berry pseudorotation in
a pentacoordinate intermediate, ii) p-s-p allylic equilibrium or iii)
N-dissociation-rotation-coordinationÐsee, for example, A. Gogoll, J.
Örnebro, H. Grennberg, J. E. Bäckvall, J. Am. Chem. Soc. 1994, 116,
3631 ± 3632.

[23] J. C. Fiaud, J.-Y. Legros, J. Org. Chem. 1987, 52, 1907 ± 1911.



Memory Effects 2539 ± 2549

Chem. Eur. J. 1998, 4, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0412-2549 $ 17.50+.50/0 2549

[24] For substrates and nucleofuges that behave differently see: a) M. E.
Krafft, A. M. Wilson, Z. Fu, M. J. Proctor, O. A. Dasse, J. Org. Chem.
1998, 63, 1748 ± 1749; b) C. N. Farthing, P. KocÏovskyÂ, J. Am. Chem.
Soc., 1998, 120, 6661 ± 6672; c) I. StaryÂ, P. KocÏovskyÂ, J. Am. Chem. Soc.
1989, 111, 4981 ± 4982; d) I. StaryÂ, J. ZajícÏek, P. KocÏovskyÂ, Tetrahedron,
1992, 48, 7229 ± 7250

[25] Substoichiometric (�)-Eu(hfc)3 gave up to 7.2 ppm 13C DDd at all
carbon atoms except C(2') in (� )-2 at 100 MHz. To eliminate the need
for 2H-decoupling and problems arising from differential Overhauser
relaxation in isotopomers of 6, we focussed on a- or g-adjacent C(4'),
C(5') and C(1); however, C(1) was isochronous with Eu(hfc)3 signals.

[26] To avoid errors from differential 13C-relaxation, we calibrated by
reference to (� )-6 with a/g ratio 1.02. Identical results (� 1 %) were
obtained by 13C{1H, 2H} NMR at 600 MHz (1H). For all reactions
except Table 2, entry 6, the ratio of [a-(S)-6�g-(R)-6] to [a-(R)-6�g-
(S)-6] was, within experimental error, 1:1 as predicted by a stereo-
specific mechanism.

[27] a) H.-J. Gais, H. Eichelmann, N. Spalthoff, F. Gerhards, M. Frank, G.
Raabe, Tetrahedron: Asymmetry 1998, 9, 235 ± 248; b) T. Hayashi, A.
Yamamoto, Y. Ito, J. Chem. Soc. Chem. Commun. 1986, 1090 ± 1092.
c) The equation xm� [(aobsÿamm)/(amÿa mm)], where aobs, amm and
am are the mol fractions a-6 observed with racemic catalyst and from
matched and mismatched manifolds with enantiomerically pure
catalyst and xm the mol fraction of substrate fractionated through
matched manifold, is readily derived. Matched/mismatched selectivity
(km/kmm) is equal to [xm/(1ÿ xm)]. Subsequent experiments with
enantiomerically pure 3 and (� )-4a ± d have confirmed that kinetic
resolution occurs, and also that catalytic quantities of chloride ion can
substantially accelerate reaction: G. C. Lloyd-Jones, S. C. Stephen,
Chem. Commun. 1998, 2321 ± 2322.

[28] B. M. Trost, Acc. Chem. Res. 1996, 29, 355 ± 364.
[29] N. W. Alcock, J. M. Brown, D. I. Hulmes, Tetrahedron: Asymmetry

1993, 4, 743 ± 756.
[30] a) T. Hayashi, M. Kawatsura, Y. Uozumi, J. Am. Chem. Soc. 1998, 120,

1681 ± 1687; b) see also T. Hayashi, M. Kawatsura, Y. Uozomi, Chem.
Commun. 1997, 561 ± 562.

[31] Very recently, it has been suggested that the ligand may act as a
'PP(O)' ligand by one of the carbonyl oxygens acting as a third donor
through a van der Waals interaction with the Pd: B. M. Trost, H.
Hagelin, unpublished results cited in reference [43].

[32] An analogue of 3, which bears Na�-coordinating glyme-like units on
the aryl phosphine gave 96% ee (S) in the Pd-catalysed reaction of
(� )-1a with [NaCH(CO2CH2Ph)2] in CH2Cl2: B. M. Trost, R.
Ruminov, J. Am. Chem. Soc. 1997, 119, 5962 ± 5963.

[33] a) P. von Matt, A. Pfaltz, Angew. Chem. 1993, 105, 614 ± 615; Angew.
Chem. Int. Ed. Engl. 1993, 32, 566 ± 567; b) J. Sprinz, G. Helmchen,
Tetrahedron Lett. 1993, 34, 1769 ± 1772.

[34] G. J. Dawson, C. G. Frost, J. M. J. Williams, Tetrahedron Lett. 1993, 34,
3149 ± 3150.

[35] Rotational displacement of the h3-Pd-p-[C(1)-C(2)-C(3)] allyl unit
about the Pd-allyl axis occurs as the nucleophile attacks C(1) or C(3)
to generate an h2-Pd-p-[C(3)�C(2)] ± C(1) or h2-Pd-p-[C(1)�C(2)] ±
C(3) alkene complex, respectively. For a discussion see: A. Pfaltz,
Acta Chem. Scand. 1996, 50, 189 ± 194 and references therein; see also
references: [12a] and [12b].

[36] a) G. Knühl, P. Sennhenn, G. Helmchen, J. Chem. Soc. Chem
Commun. 1995, 1845 ± 1846; b) G. Helmchen, S. Kudis, P. Sennhenn,
H. Steinhagen, Pure & App. Chem. 1997, 69, 513 ± 518.

[37] For other enantioselective 'PO' ligands in allylic alkylation see: T.
Minami, Y. Okada, T. Otaguro, S. Tawaraya, T. Furuichi, T. Okauchi,
Tetrahedron: Asymmetry 1995, 6, 2469 ± 2474.

[38] For calculations of orbital control in related reactions see: A. Aranyos,
K. J. SzaboÂ , A. M. CastanÄ o, J.-E. Bäckvall, Organometallics 1997, 16,
1058 ± 106.

[39] An alternative explanation for reversed enantioselectivity with Li� as
counterion would be significant O-allylation by attack of the enolate
oxygen and a subsequent 3,3-suprafacial sigmatropic rearrangement
(perhaps PdII or Pd0 catalysed) to give the enantiomeric product to
C-allylation.

[40] For examples see a) R. G. P. Gatti, A. L. E. Larsson, J.-E. Bäckvall, J.
Chem. Soc. Perkin Trans 1 1997, 577 ± 584; b) M.-R. Brescia, Y. C.
Shimshock, P. DeShong, J. Org. Chem. 1997, 62, 1257 ± 1263; c) J. D.
Oslob, B. �kermark, P. Helquist, P.-O. Norrby, Organometallics 1997,
16, 3015 ± 3021, and references therein.

[41] See for example: A. Pfaltz, Acc. Chem. Res. 1993, 26, 339 ± 345.
[42] B. M. Trost, R. Madsen, S. D. Guile, Tetrahedron Lett. 1997, 38, 1707 ±

1710, and references therein.
[43] For a discussion of kinetic versus thermodynamic control in allylic

alkylation reactions see: B. M. Trost, D. E. Patterson, J. Org. Chem.
1998, 63, 1339 ± 1341, and references therein.

[44] See for example a) J. Sprinz, M. Kiefer, G. Helmchen, M. Reggelin, G.
Huttner, O. Walter, L. Zsolnai, Tetrahedron Lett. 1994, 35, 1523 ± 1526;
b) A. Togni, U, Burckhardt, V. Gramlich, P. S. Pregosin, R. Salzmann,
J. Am. Chem. Soc. 1996, 118, 1031 ± 1037; c) S. Schaffner, L. Macko, M.
Neuberger, M. Zehnder, Helv. Chim. Acta. 1997, 80, 463 ± 471.

[45] a) P. E. Blöchl, A. Togni, Organometallics 1996, 15, 4125 ± 4132;
b) T. R. Ward, Organometallics 1996, 15, 2836 ± 2838.

[46] B. M. Trost, B. Breit, M. G. Organ, Tetrahedron Lett. 1994, 35, 5817 ±
5820.

[47] B. M. Trost, B. Breit, S. Peukert, J. Zambrano, J. W. Ziller, Angew.
Chem. 1995, 107, 2577 ± 2579; Angew. Chem. Int. Ed. Engl. 1995, 34,
2386 ± 2388.

[48] G. Koch, G. C. Lloyd-Jones, O. Loiseleur, A. Pfaltz, R. PreÂtoÃ t, S.
Schaffner, P. Schnider, P. von Matt, Recl. Trav. Chim. Pay-Bas 1995,
114, 206 ± 210.

[49] J. M. Brown, J. E. MacIntyre, J. Chem. Soc. Perkin Trans II 1985, 961 ±
970.

[50] B. �kermark, B. Krakenberger, S. Hannson, A. Vitagliano, Organo-
metallics 1987, 6, 620 ± 628.

[51] An analogous Luche reduction (P. BonhoÃ te, R. Scheffold, Helv. Chim.
Acta. 1991, 74, 1425 ± 1444) employing CeCl3 ´ 7 H2O/NaB[2H4],
(�98% 2H) in MeOH proved unsatisfactory giving (� )-1-[2H1]-
cyclopent-2-en-1-ol (�91% 2H) together with about 2 % 1,3-[2H2]-
cyclopentanol, 0 % de.

[52] I. Colon, D. R. Kelsey, J. Org. Chem. 1986, 51, 2627 ± 2637.
[53] J. E. Hoots, T. B. Rauchfuss, D. A. Wrobleski, Inorganic Syntheses,

1982, 21, 175 ± 179.
[54] B. M. Trost, D. L.Van Vranken, C. Bingel, J. Am. Chem. Soc. 1992,

114, 9327 ± 9343.


