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Abstract: The catalytic allylic substitution is one of the
most important tools in asymmetric synthesis to form
C� C bonds in an enantioselective way. While high
efficiency was previously accomplished in terms of
enantio- and regiocontrol using different catalyst types,
a strong general limitation is a very pronounced
preference for the formation of allylic substitution
products with (E)-configured C=C double bonds. Here-
in, we report that with a planar chiral palladacycle
catalyst a diastereospecific reaction outcome is achieved
using isoxazolinones and allylic imidates as substrates,
thus maintaining the C=C double bond geometry of the
allylic substrates in the highly enantioenriched products.
DFT calculations show that the reactions proceed via an
SN2 mechanism and not via π-allyl Pd complexes. Crucial
for the high control is the stabilization of the allylic
fragment in the SN2 transition state by π-interactions
with the phenyl substituents of the pentaphenylferrocen-
yl catalyst core.

Asymmetric allylic alkylations (AAAs) are widely used in
synthetic organic chemistry due to their broad scope
regarding suitable classes of nucleophiles and the synthetic
versatility of the C=C double bond introduced by the allylic
electrophile.[1] High efficiency has been reported for AAAs
in terms of regio- and enantiocontrol at the allylic reaction

partner.[2] Palladium complexes belong to the most fre-
quently used catalysts.[1] The reactions usually proceed via
an oxidative addition of an allylic acetate/carbonate to a Pd0

catalyst to form an electrophilic cationic π-allyl-Pd complex
which is attacked from the outer-sphere by a soft
nucleophile.[1]

A limitation in Pd0 catalyzed AAAs is the fact that the
installed allyl moieties always adopt an (E)-configuration,
whereas (Z)-diastereomers are not directly accessible as a
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Scheme 1. Comparison of previous work to this work.
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result of a rapid isomerization of the π-allyl-Pd complexes
(Scheme 1, top).[3, 1, 4]

Recently, our group has reported a binary catalyst
system consisting of a chiral IrI complex[5] and an achiral
PdII salt, which allowed for the only reported catalytic
asymmetric allylation of isoxazolinones (Scheme 1,
middle).[6–8] Isoxazolinones are synthetically versatile het-
erocycles prepared in one step from ɓ-ketoesters and
hydroxylamine,[7b] and can for instance be transformed
into biologically interesting ɓ-aminoacid derivatives.[9] It
was shown that this allylation proceeded via an Ir
catalyzed regioselective N-allylation forming a branched
allyl isomer which then undergoes a [3,3]-rearrangement,
thereby enforcing an (E)-configuration of the C=C double
bond.

Herein, we report a diastereospecific catalytic asym-
metric C-allylation of isoxazolinones using a planar chiral
ferrocene based palladacycle capable of maintaining the
double bond geometry of the allylic electrophile within
the product (Scheme 1, bottom).

Allylation products possessing a (Z)-configured dou-
ble bond are thus also efficiently available with a high
level of diastereo-, enantio- and regiocontrol. DFT (den-

sity functional theory) calculations show that the reaction
proceeds via a Pd-catalyzed SN2 reaction rather than the
common π-allyl-Pd complexes.

Our palladacycle catalysts were initially developed for
asymmetric rearrangements of trifluoroacetimidates to
form N-acylated allylic amines.[10–12] Still, the correspond-
ing allylic trichloroacetimidates were found to be suitable
allylation agents avoiding the rearrangement. Among the
metallacycles tested the pentaphenylferrocene imidazo-
line palladacycle catalyst system (PPFIP, entry 4) was the
only one that strongly favors the linear over the branched
allylation product (Table 1, entries 1–5).

Moreover PPFIP was the only catalyst system that
induced high enantioselectivity. In initial experiments the
precatalysts were activated by AgOAc according to our
reported procedure to allow for a chloride/acetate ligand
exchange.[10, 11] This activation improves the productivity
as entry 6 shows. Installation of less basic anionic ligands
using different silver salts allowed for similar enantio- and
regioselectivities as exemplified by entries 7 & 8, but
yields were lower. The use of very weakly coordinating
anions such as triflate resulted in poor regio- and
enantioselectivity and massive substrate decomposition

Table 1: Development of the title reaction.

# Precatalyst/MX Solvent E/Z-1a Yield[a]

3/4 [%]
E :Z[a]

3
ee[b]

3 [%]

1 [FIP-Cl]2/AgOAc CH2Cl2 E 7/10 >99 :1 13
2 [FBIP-Cl]2/AgOAc CH2Cl2 E 14/5 >99 :1 22
3 [FBIPP-Cl]2/AgOAc CH2Cl2 E 18/8 >99 :1 17
4 [PPFIP-Cl]2/AgOAc CH2Cl2 E 75/8 >99 :1 87
5 [PPFOP-Cl]2/AgOAc CH2Cl2 E 7/23 >99 :1 9
6 [PPFIP-Cl]2 CH2Cl2 E 46/8 >99 :1 85
7 [PPFIP-Cl]2/AgTFA CH2Cl2 E 65/7 >99 :1 87
8 [PPFIP-Cl]2/AgOMs CH2Cl2 E 64/6 >99 :1 88
9 [PPFIP-Cl]2/AgOTf CH2Cl2 E 28/14 >99 :1 34
10 [PPFIP-Cl]2/Na(acac) CH2Cl2 E 89/7 >99 :1 90
11 [PPFIP-Cl]2/Na(acac) CHCl3 E 91/5 >99 :1 91
12 [PPFIP-Cl]2/Na(acac) CHCl3 Z 89/6 1 :22 99

[a] Determined by 1H NMR using mesitylene as an internal standard. [b] Enantiomeric excess of the major geometrical isomer determined by
HPLC. OAc: acetate; TFA: trifluoroacetate, OMs: methanesulfonate; OTf: trifluoromethanesulfonate; acac: acetylacetonate.
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(entry 9). As a practical alternative, silver free activation
by Na(acac) led to high product yield with good linear/
branched selectivity and high enantioselectivity (entry 10).
Small improvements were found using CHCl3 as solvent
(entry 11). The same conditions could also be applied to
the Z-configured allylic imidate Z-1 a (RZ= (CH2)2Ph,
RE=H), with the Z-configuration being maintained in the
nearly enantiopure product (entry 12).

The optimized conditions were applied to various
substrates with different residues R1-R3, RE and RZ

(Table 2). In most cases, the double bond geometry was
conserved to a large degree. In general, enantioselectivity
was particularly high for Z-configured substrates (entries
marked with blue color) usually attaining 99% ee (15
examples). Z/E ratios between 8 : 1 and 73 : 1 were
commonly found in the products. A lower ratio was found
for substrate Z-1h carrying a Ph ring as RZ.[13]

With E-configured allylic substrates, enantioselectivity
was a bit lower with up to 94% ee. A particularly difficult
reaction was the synthesis of E-3aI, employing an
isoxazolinone substrate carrying a C� H acidic Me residue
R2 (72% ee). For comparison, Z-3aI was formed in almost
enantiopure form, but E/Z-isomerization was more sig-
nificant than otherwise (Z/E=3 : 1). Difficult is the
enantiocontrol with strong π-acceptors in R2, maybe
because enolization depends less on the catalyst in this
case (see E-3aM).

Functionalized allylic substrates carrying, e.g., ester,
ether, nitrile, carbamate, ketone or additional olefin
moieties within aliphatic chains were tolerated. Note-
worthy is also the reactivity with an allylic substrate
featuring a Me group R1 (E-1o and Z-1p), because
substrates of this type showed no reactivity in allylic
imidate rearrangements using this catalyst type.[10]

To gain insight into the reaction mechanism, several
control experiments were conducted. Previously, some
catalytic asymmetric reactions using trichloroacetimidates
and palladacycle catalysts were reported, in which com-
peting imidate rearrangements could be kinetically
outperformed.[14] These studies revealed that the corre-
sponding C� O bond forming reactions follow a PdII

catalyzed SN2’ mechanism favoring branched
products.[15, 16]

In contrast, in our case the C� C bond formation occurs
at the allylic C atom carrying the imidate leaving group
thus forming a linear product. To rule out an SN2’
mechanism we investigated allylic imidate rearrangement
product 5 as possible intermediate, but 3aA was not
formed under the reaction conditions (Scheme 2, top). In
addition, the branched allylimidate 6 led mainly to the N-
allylation product next to small amounts of E-3aA
(Scheme 2, middle), which was formed with low enantio-
selectivity. No allylation products were formed with allylic
carbonates or acetates (not shown).

Moreover, we considered the option of an N-allylation
with a subsequent [3,3]-rearrangement.[14b] However, sub-
strate 8[6] did not form 3aA under the reaction conditions
(Scheme 2, bottom), no matter if trichloroacetamide was
present or not.

Table 2: Investigation of the substrate scope.[a]

[a] Yields of isolated products after column chromatography, ee
determined by HPLC, E :Z ratios determined by 1H NMR from the
crude product.
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DFT calculations were performed to understand this
reaction type (for computational details see the Support-
ing Information). The computed free energy profile is
shown in Figure 1. The reaction commences with the C� H
activation with PdII via a CMD (concerted metalation
deprotonation) mechanism with a barrier of
20.4 kcalmol� 1 (TS1), generating the N-bound PdII inter-
mediate (int3) rather than the C-bound PdII species (see
details in Supporting Information). The subsequent ligand
exchange with E-allylic imidate E-1b gives the more
stable int4. In principle, int4 could undergo a C� O
oxidative addition and a subsequent C� C reductive
elimination to deliver the C-allylation product. However,
the computed transition state of C� O oxidative addition is

highly disfavored (TS2c, ȹG° =31.4 kcalmol� 1 with re-
spect to int4), indicating the formation of a PdIV

intermediate is less preferred. Instead, we found a
concerted pathway. The relatively low barrier of TS2a
(ȹG° =17.7 kcalmol� 1 with respect to int4) suggests the
C� C bond formation proceeds via an SN2 mechanism.
Based on this mechanism, the configuration of allylic
imidates can be transferred to the allyl products, which is
in line with the experimental observations (Table 1).

The irreversible SN2 allylation step determines the
enantioselectivity of this reaction. The barrier difference
between TS2a and TS2b with PPFIP (ȹȹG° =

3.2 kcalmol� 1) is consistent with the experimentally ob-
served high-level enantioselectivity (entry 11, Table 1). As
shown in Figure 2, the barrier difference is mostly due to
the difference in non-covalent interactions between the
two transition states (see details in Supporting Informa-
tion). In the favored TS2a, the stabilizing π···π interactions
include allyl-phenyl and phenyl-phenyl interactions (high-
lighted in green and yellow). In contrast, the disfavored
TS2b only has one phenyl-phenyl interaction. The lack of
these stabilizing π···π interactions in other palladacycle
catalysts, such as FIP and PPFOP, leads to low ee values
(entries 1 and 5, Table 1).

In conclusion, we have reported a diastereospecific
catalytic enantioselective allylic substitution, enabled by a
planar chiral pentaphenylferrocenyl imidazoline pallada-
cycle catalyst. Cyclic oxime esters reacted with allylic
trichloroacetimidates in a way that the double bond
geometry of the allylic substrate is maintained in the
allylic substitution products. The latter were formed with
high enantio- and regiocontrol. DFT calculations strongly
favor a concerted SN2 pathway and rule out pathways via

Scheme 2. Control experiments.

Figure 1. DFT-computed energy profile for Pd-catalyzed allylation of isoxazolinones. Energies are computed at the M06/SDD-6-311+G(d,p)/
SMD(CHCl3) level of theory with geometries optimized at the B3LYP/LANL2DZ-6-31G(d) level.
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