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Abstract—The transmission of substituent effects across the palladium center to the allyl carbons is monitored by 13C NMR and
X-ray crystallography as a way to probe electronic asymmetry in chiral ligand design. Based on their similar chemical shift trends
and X-ray structures, the p-allylpalladium intermediates provide a good model for early transition state reactions, which are less
sensitive to electronic perturbations. Hammett analysis supports an electronic basis for enantioselection that increases as the tran-
sition state becomes later.
� 2005 Elsevier Ltd. All rights reserved.
Phosphinooxazoline (PHOX) chiral ligands have proven
extremely effective at inducing asymmetry in palladium-
catalyzed allylic-substitution reactions.1 These ligands
are proposed to function by controlling the ratio of
the exo to endo p-allylpalladium intermediates and then
directing nucleophilic addition trans to phosphorus (the
better acceptor ligand) in the favored exo intermediate.
The low-temperature NMR structure of the initially
formed alkene–palladium complex has established this
�trans to phosphorus in exo� addition as the major path-
way.2 Nonetheless, this does not preclude other explana-
tions for its favorability (e.g., steric interactions with the
nucleophile or in the product alkene complex) nor does
it provide any information about the pathway(s) leading
to the minor enantiomer.

Our Hammett studies of the enantioselectivity with elec-
tronically modified PHOX ligands (1a–f) provided addi-
tional support for the electronic basis of the trans to
phosphorus addition mechanism, but they also demon-
strate that the nucleophile plays an important role in
determining the enantioselectivity.3 In particular, for
reactions with sodiodimethyl malonate as the nucleo-
phile the ee�s were less sensitive to the backbone substi-
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tuent (X) (1a–f: 89–93% ee). In contrast, for reactions
with benzylamine as the nucleophile the ee�s showed a
great sensitivity to the backbone substituent (X) (1a–f:
16–67% ee). These results suggest that the position of
the transition state also influences the enantioselectivity.

To gain further insight into the basis for enantioselecti-
vity and the position of the transition state, we measured
the 13C NMR chemical shifts and examined several
X-ray structures of the p-allylpalladium intermediates
themselves (2a–f), which are regarded as good models
for an early transition state structure.4 13C NMR chemi-
cal shifts have been successfully correlated to both
positive charge density5 and regioselectivity of
nucleophilic attack with substituted 1,3-diphenylallyl-
palladium complexes with achiral ligands by Hammett
analysis.6 In the case of ligands 1a–f the electron donat-
ing or withdrawing substituent is on the ligand back-
bone and should show Hammett correlations via
electronic transmission across the palladium center to
the allyl termini. Based on the proposed mechanism
for enantioselection, the biggest effect was expected on
C3 in the exo diastereomer.

Palladium complexes 2a–f were prepared from the corre-
sponding chiral ligands (1a–f)3 and 1,3-diphenylallylpal-
ladium chloride dimer by reaction with silver
tetrafluoroborate in acetone (Scheme 1).6b,7 The com-
plexes were obtained in essentially quantitative yield
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Scheme 1. Synthesis of p-allylpalladium complexes 2a–f: X = NMe2,

OMe, Me, H, F, Cl (only exo diastereomer shown).
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and sufficient purity for NMR spectroscopy. Analyti-
cally pure samples and crystals suitable for X-ray crystal
diffraction (see below) were grown by slow vapor diffu-
sion of diethyl ether into a solution of the complex in
acetonitrile. The 1H and 13C NMR assignments for
2a–f were made based on the literature data for the anal-
ogous hexafluoroantimonate salt of 2d (X = H)8 and
confirmed by 1H NMR and 13C HMQC NMR experi-
ments (Table 1). The exo:endo ratio was determined by
integration of the 1H NMR spectra. The signals for
the major diastereomer were assigned to the exo com-
plex, which is known to predominate in solution.1a,8,9

The ratio of exo to endo diastereomers is believed to play
a role in the enantioselectivity of PHOX ligands despite
their rapid equilibration in solution.1,10 Since nucleo-
philic attack trans to phosphorus in the endo complex
gives the opposite (minor) enantiomer and would, pre-
sumably, also be electronically favored, this pathway
must be disfavored by some other means. A change in
the exo:endo ratio as a function of substituent would
be one possibility; however, complexes 2a–f show a con-
stant, approximately 6:1 exo:endo ratio for all the sub-
stituents investigated. Consequently, the substituent�s
effect on the ligand�s enantioselectivity must have
another origin.11,12

In contrast to the exo:endo ratios, the chemical shifts of
the allyl carbons do change with different substituents
and show the expected downfield trend with electron
withdrawing groups. The increased deshielding does
Table 1. 13C NMR chemical shifts of p-allylpalladium complexes 2a–f
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X exo:endoa C1 (exo) C3 (exo) D

NMe2 85:15 69.87 100.03 3

OMe 86:14 70.57 100.65 3

Me 85:15 70.58 100.80 3

H 86:14 70.74 100.85 3

F 86:14 71.19 101.26 3

Cl 83:17 71.28 101.26 2

a Ratio determined by integration of 1H NMR spectra taken in CD2Cl2 and
b Dd = dC3�dC1.
correlate with higher observed enantioselectivity
(increasing 1a to 1f).3 Contrary to our expectations
though, no pronounced changes in the chemical shifts
of C3 are observed in the exo diastereomer relative to
the others; the chemical shifts of C1 and C3 change by
about the same amount for both diastereomers. Like-
wise, the differences between the two allyl termini
(D(dC3�dC1)) remain constant at 30.1 ppm for the exo
complex and 20.4 ppm for the endo complex. The larger
Dd for the exo diastereomer has been reported in 1,3-
dialkylallyl complexes of 2d and related ligands.13 In
addition, this Dd difference has been proposed to corre-
late to diastereomer reactivity for several S,N- and P,N-
ferrocene ligand palladium complexes.14 Therefore, it
seems reasonable to conclude that the exo complexes
of 2a–f are either more reactive or more selective (or
both) than the endo complexes.15 This provides an
explanation for how the enantioselectivity obtained with
these ligands (>98% ee in THF1) can exceed the exo:
endo ratio (�8:1 in THF12).16

These dD trends can also be seen in the similar slopes of
the Hammett plots of rp and rm versus the 13C NMR
shifts of C1 (trans to N) and C3 (trans to P) in both
the exo (solid symbols) and endo (open symbols) com-
plexes (Fig. 1 and 2).17 The data fits better to rp than
rm, as judged by R2.18 The better fit to rp could suggest
a more significant substituent influence via N; however,
the uniformity of the chemical shift changes of both C1

and C3 indicates a similarity in the effects transmitted via
N (para to X and trans to C1) and P (meta to X and trans
to C3). Thus, the Hammett fit to rp is perhaps best inter-
preted as a general electron donating/withdrawing effect
with a strong resonance component. This makes sense
as the allyl fragment is p-conjugated to the ligand
via Pd and rp is known to have a strong resonance
component.17

The similarities of 2a–f by 13C NMR in terms of chemi-
cal shift changes and Dd led us to examine some of their
X-ray structures to see if any bond length or angle differ-
ences could be detected that might explain their differing
enantioselectivities. Suitable crystals were obtained for
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0.16 73.91 94.22 20.31

0.08 74.62 95.02 20.40

0.22 74.61 95.18 20.57

0.11 74.73 95.14 20.41

0.07 75.32 95.63 20.31

9.98 75.32 95.81 20.49

based on the average of all resolved peaks for each complex.
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Figure 2. Hammett plot of d 13C versus rm for complexes 2a–f.

Figure 4. ORTEP drawing (40% ellipsoids) of 2f with the hydrogens

and BF4
� omitted for clarity.
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Figure 1. Hammett plot of d 13C versus rp for complexes 2a–f.
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one electron donating complex (ent-2b, X = OMe) and
one electron withdrawing complex (2f, X = Cl). Their
structures were solved19 and ORTEP plots20 are shown
in Figures 3 and 4. Key structural parameters are com-
Figure 3. ORTEP drawing (30% ellipsoids) of ent-2b (enantiomer of

ligand 1b was used for crystal structure of 2b) with hydrogens and

BF4
� anion omitted for clarity.
pared with the known structure of 2d8 (Table 2). While
some variation in bond lengths and angles between the
three structures are apparent, no striking differences
were found that suggest any structural basis for the sub-
stituent effects. In addition, small perturbations in twist
angle (s) and other ligand and allyl conformations have
been attributed to crystal packing forces.8 Thus, it seems
that by NMR and X-ray crystallography these allylpal-
ladium complexes are remarkably similar despite the dif-
ferences obtained with the ligands in some asymmetric
reactions.

Based on the similarity of both the 13C NMR data and
the X-ray structure data for the allylpalladium com-
plexes, very little difference in enantioselectivity is
expected with ligands 1a–f for reactions proceeding
though an early transition state. This is precisely what
was observed for reactions with sodiodimethyl malonate
as the nucleophile.3 In contrast, reactions with benzyl-
amine as the nucleophile in which large differences in
enantioselectivity were observed with ligands 1a–f likely
proceed through a later transition state. With more
bond formation between the nucleophile and C3 (for
the major enantiomer via exo diastereomer) in a later
transition state, the palladium–ligand complex accepts
more electron density back from the allyl fragment as
it rotates to form the palladium(0)–alkene complex.
The ability of the ligand (presumably primarily through
Table 2. Selected bond distances and angles from the X-ray crystal

structures of 2b,d,f

Parameter 2b (X = OMe) 2d (X = H)a 2f (X = Cl)

Pd–C1 distance (Å) 2.142(4) 2.137(2) 2.16(1)

Pd–C3 distance (Å) 2.288(4) 2.258(2) 2.250(11)

Pd–N distance (Å) 2.113(4) 2.096(2) 2.111(9)

Pd–P distance (Å) 2.2828(9) 2.2668(5) 2.285(3)

N–Pd–P (�) 87.46(9) 88.92(5) 87.3(3)

C1–Pd–C3 (�) 65.76(19) 66.75(8) 65.6(4)

Tilt angle, a (�)b 113.9 118.5 115.0

Twist angle, s (�)c 5.5 5.3 3.0

a Data for complex 2d (SbF6
� salt) taken from Ref. 8.

b Tilt angle defined between the [N, Pd, P] and [C1, C2, C3] planes.
c Twist angle defined as dihedral [N, P, C1, C3].
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phosphorus) to accept this electron density must then be
modulated by the substituents (X).

Combined with the increased reactivity or selectivity of
the exo complex (Dd = 30.1 ppm vs 20.4 ppm for endo),
the variable position of the transition state provides a
general explanation for the electronic basis for enantio-
selection. The exo complex either reacts faster (trans to
P) or more selectively (trans to P vs trans to N) than
the endo complex.15 This inherent bias is not easily per-
turbed by the backbone substituents (X) for reactions
with early transition states as the similar trends in the
13C NMR chemical shifts and X-ray structures show.
Surprisingly, these results suggest that as the reaction
coordinate shifts toward a later transition state, where
steric effects are often invoked to explain enantioselec-
tivity, the electronic perturbations become more impor-
tant, not less. These electronic effects may be
superimposed on any underlying steric influences
though.

In summary, despite the potential for ligands 1a–f to
show different enantioselectivity, their 1,3-diphenylallyl-
palladium complexes (2a–f) show similar trends in
their 13C NMR chemical shifts and complexes 2b,d,f
have strikingly similar X-ray crystal structures. Hammett
analysis suggests a general correlation with the reso-
nance acceptor/donor ability of the substituent (via fit
to rp). Thus, we conclude that reactions which show
enantiomeric variation with ligands 1a–f proceed by a
transition state that is later relative to the allylpalladium
intermediates. With this better understanding of the
electronic basis for enantioselection with PHOX ligands,
the design of new chiral ligands of this and other types,
as well, should be greatly improved. We are continuing
our investigations of these ligands by synthesizing iso-
meric 5-substituted PHOX ligands to better understand
the Hammett analysis of rm and rp and the influence of
the substituent position.
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