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Two areas of organometallic chemistry that have recently
attracted widespread interest are the application of planar chiral
ferrocenes to asymmetric catalysis1 and the use of palladacycles
as catalysts and precatalysts in organic synthesis.2 Related studies
with nonracemic planar chiral palladacycles, first synthesized by
the pioneering work of Sokolov,3 have been hampered by the
absence of methodology for the stereoselective introduction of
palladium. We recently reported two solutions to this problem with
the highly diastereoselective palladation of1 and2 using Pd(OAc)2
to give diastereomeric palladacycles (S,pR)-3a4 and (S,pS)-4a5

(Scheme 1). Further work has revealed3b to be an excellent catalyst
for the enantioselective aza-Claisen rearrangement of allylic imi-
dates.6

Palladacycles may also be synthesized by exchange of cyclo-
metalated ligands,7 typically the transfer of palladium from a C,N-
to a C,P-chelate driven by the greater phosphorus-palladium bond
strength of the latter. The term transcyclometalation was coined to
define a subcategory of this process where the reaction proceeds
without the formation of dissociated metal salts.8 Asymmetric
transcyclopalladation was recently reported,9 the reaction between
tert-butyldi(o-tolyl)phosphine and cyclopalladated (R)-R-tert-bu-
tylbenzylamine in toluene10 resulting in a phosphapalladacycle with
the enantiomeric excess quoted as varying between 72 and 91%.
However, extension of this procedure to the synthesis of a planar
chiral complex derived from di-tert-butylferrocenylmethylphosphine
was hampered by the absence of both reactivity and selectivity (26%
yield, 44% ee). In a recent study, we reported the ease with which
phosphine5 reacts with Pd(OAc)2 to give racemic7a after 1 h at
room temperature.11 In view of the lability of this ferrocene substrate
toward palladation, and the high enantioselectivity exhibited by
cobalt oxazoline palladacycle3b in catalysis, we chose to explore
the reaction between these different metallocenes as a means of
achieving the first highly enantioselective synthesis of planar chiral
phosphapalladacycles.

Phosphine5 (31P δ ) -11.81) was heated at 80°C with
palladacycle3a in d8-toluene and the reaction monitored by31P
NMR. Following complete conversion to7a (31P δ ) 45.05),
separation of the released oxazoline1 by column chromatography
on SiO2 resulted in isolation of the phosphapalladacycle as its
corresponding chloride-bridged dimer7b,12 acetate/chloride ligand
exchange occurring with residual chloride (ca. 0.002%) present in
the silica employed for chromatography. The enantiomeric excess
of the resultant complex was determined as 91% by1H and 31P
NMR following addition of (S)-R-methylbenzylamine (Table 1,
entry 1).13 Application of the chloride-bridged palladacycle3b gave
a poor conversion to7b after 24 h (entry 2). Use of3a at 70 °C
resulted in an increase in the enantioselectivity (entry 3), though
further reductions in temperature made little difference in terms of
the selectivity but significantly prolonged the reaction time (entries
4 and 5). Application of diastereomeric palladacycle4a, which has

the opposite configuration of planar chirality, led to a complete
reversal in the enantioselectivity of transcyclopalladation (entry 6).

The synthesis of the two enantiomers of7b was repeated on a
preparative scale, and the methodology extended to the generation
of the diphenylphosphine-based palladacycles (pS)- and (pR)-8b,
albeit with slightly lower enantioselectivities (Table 2).14 At the
end of each reaction, acetate/chloride ligand exchange permitted
separation by column chromatography of the product palladacycle
and the starting cobalt oxazolines1 or 2.15

The absolute configuration of palladacycle7b, arising from
reaction with3a (Table 2, entry 1), was determined aspS by an
X-ray crystal structure analysis (Figure 1),16 and the absolute
configurations of the enantiomers of8b were determined by
comparison of specific rotations.17

Further analysis of the reaction between5 and3a by 31P NMR
revealed the presence a single additional broad signal at ca. 56 ppm
that disappeared on completion of the reaction. The identity of this
intermediate as a monomeric adduct from these two reactants was
confirmed by mass spectrometry.18 Similarly, the major product

Table 1. Investigative Synthesis of 7b by Transcyclopalladationa

entry reagent temp time ee (configuration)

1 3a 80 °C 6 hb 91% (pS)
2 3b 80 °C 24 hc n/d
3 3a 70 °C 10 hb 95% (pS)
4 3a 60 °C 20 hb 95% (pS)
5 3a 50 °C 48 hb 94% (pS)
6 4a 70 °C 3 hb 95% (pR)

a Reactions carried out with 33µmol of 5 with 17 µmol of cobalt
palladacycle dimers ind8-toluene (0.75 mL).b Conversion determined to
be >95% by 31P NMR. c Reaction incomplete after 24 h (ca. 15%
conversion), the major product having a broad peak (31Pδ) at approximately
50 ppm.

Table 2. Preparative Synthesis of 7b/8b by
Transcyclopalladationa

entry substrate reagent
product
(yield)

ee13,14

(configuration)
recovered
oxazoline

1 5 3a 7b(99%) 95% (pS) 1 (81%)
2 5 4a 7b(93%) 95% (pR) 2 (98%)
3 6 3a 8b(97%) 78% (pS) 1 (88%)
4 6 4a 8b(89%) 92% (pR) 2 (88%)

a Reactions typically carried out with 1.0 mmol of5 or 6 with 0.51 mmol
of cobalt palladacycle dimer in toluene (15 mL) at 70°C for 5 h.
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from the reaction of5 and3b (Table 1, entry 2) was isolated and
also shown to be a simple combination of these two reactants. It
has previously been established that addition of triphenylphosphine
to related aryloxazoline palladacycles containing halogen bridging
ligands gave adducts with the phosphine ligated trans to the
oxazoline nitrogen.19 All of this evidence points toward the observed
intermediates in the reaction of palladacycles3a and 3b with
phosphine5 having structures9a and9b, respectively. In view of
the greater reactivity of chloride compared to oxygen-based
nucleophiles in the substitution reactions of related platinum(II)
complexes,20 the reciprocal ease of acetate ligand loss may account
for the success of transcyclopalladation with3a compared to3b.
Palladation of benzene derivatives has been shown to proceed via
the intermediacy of a cationic Pd(II)-arenium species.21 Formation
of a ferrocene equivalent by approach of this group from the side
opposite the bulky tetraphenylcyclobutadiene group accounts for
the observed (pS)-product configuration (Scheme 3).22 As pallada-
cycle4a gave the opposite (pR)-phosphapalladacycle, the origin of
stereoselection in this instance may be explained by a pseudo-
enantiomeric reaction pathway. These models rationalize how the
planar chirality of metallocenes3a and4a control the stereoselec-
tivity of palladium transfer, thei-Pr or t-Bu oxazoline substituents
playing little part in the enantiodiscrimination.

In conclusion, both enantiomers of planar chiral phosphapalla-
dacycles7b and 8b are available in high enantioselectivity by
utilizing oxazolines1 and2, respectively, as recoverable palladium
transfer reagents. In our ongoing investigations, we are exploring
the potential of these scalemic phosphapalladacycles as catalysts
for a variety of synthetic protocols.
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Figure 1. Representation of the crystal structure of (pS)-7b.
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