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The synthesis and characterization of a new active P*-active
phosphapalladacycle and its successful use in the asym-
metric hydroarylation of norbornene with turnover numbers
(TONs) of up to 1010 is described.

C–C coupling reactions using numerous transition metals are of
fundamental interest in modern synthetic chemistry.1 Thus, the
arylation and vinylation of olefins catalyzed by Pd complexes
(Heck reaction) has been extensively studied to achieve
industrial scale technical application during the last decade.2 In
this area, Herrmann et al. discovered in 1995 highly efficient
palladacycle catalysts in Heck and related reactions of aryl
halides with catalyst turnover numbers (TONs)3 up to
500 000.4,5 On the other hand, because of the excellent control
of regio- and stereo-selectivity in Heck reactions, intra- and
inter-molecular asymmetric variations were developed.6 Never-
theless, all of the results reported in the literature suffer from
insufficient catalyst turnover frequencies (TOF < 10 h21 and
TON < 100) and are limited in the use of aryl triflates and aryl
iodides as arylating agents.7 Thus, few syntheses of chiral
palladacycle catalysts have been envisioned and all these
attempts failed.8 To our knowledge, only Dunina et al. have
successfully reported the synthesis of an optically active P*-
chiral phosphapalladacycle via resolution of diastereomeric (S)-
prolinate derivatives of the racemic dimer.9 In the context of our
studies, we have recently described the potentialities of oxaza-
and diazaphospholidine ligands in various catalytic enantio-
selective reactions10 as well as the synthesis of a new class of
highly efficient new phosphapalladacycle catalysts for hydro-
arylation of norbornene with TON levels > 1010.14 Here, we
report the synthesis and use of a new chiral phosphapallada-
cycle catalyst, as well as the isolation of an intermediate
palladium complex involved in the hydroarylation of norbor-
nene.

The synthesis of the chiral o-tolyldiazaphospholidine ligand
3 was readily achieved in 89% yield by an exchange reaction in
refluxing toluene from bis(dimethylamino)(o-tolyl)phosphine 1
and (S)-anilinomethylpyrrolidine 2 (readily obtained from L-
glutamic acid) [eqn. (1)].15 The structure of this ligand was

(1)

unambiguously established by 1H, 13C, 31P NMR spectroscopy
and also by X-ray structure analysis (Fig. SI 1, ESI†).16

Treatment of palladium(II) acetate with ligand 3 in refluxing
toluene afforded the expected phosphapalladacycle complex 4
in 75% yield as a thermally, air and moisture stable yellow solid

[eqn. (2)]. The structure of this cyclometallated compound,

(2)

resulting from simple C–H activation of ortho-methyl group in
the aryl phosphine part, was established by NMR spectroscopy
and elemental analysis. However, all attempts to crystallize this
phosphapalladacycle complex have so far failed. This phospha-
palladacycle catalyst mediates arylation of norbornene under
reductive conditions (NEt3/HCO2H) [eqn. (3)] and the reactions

(3)

of phenyl triflate or iodobenzene with norbornene affording the
corresponding exo-phenylnorbornane were investigated
(ESI†).17,18 Table 1 summarizes the results.

As already observed using achiral catalysts, an extraordinary
high activity of complex 4 was observed at 120 °C in DMSO.14

Consequently, exceptional turnover numbers up to 1.96 3 108

mol product (mol Pd)21 and yields of 98% were achieved
(Table 1, entries 1–4). In addition, turnover frequencies up to
1.6 3 107 mol product (mol Pd h)21 were encountered. To our
knowledge, these values are the highest TOF reported to date for
palladium catalysis involving chiral palladacycle complexes.
On the other hand, whatever the experimental conditions, low
enantiomeric excesses (ee) up to 25% using phenyl triflate as
arylating agent were observed (Table 1, entry 5). Nevertheless,
these results constitute the first example of the use of an active
chiral P*-phosphapalladacycle catalyst in an enantioselective
hydroarylation reaction.

In the course of our investigations on the mechanism
(Scheme 1) of this reaction,19 we were able to isolate an
intermediate Pd(IV) complex 5 which was fully characterized by
X-ray structure analysis (Fig. 1).16,20 Isolation of this inter-

† Electronic supplementary information (ESI) available: Fig. SI 1 (structure
of 3, with labelling scheme), physical and spectroscopic data for 3, and
general information for norbornene hydroarylation. See http://www.rsc.org/
suppdata/cc/b0/b005521m/

Table 1 Catalytic hydroarylation of norbornene using palladacycle 4

Entry Ar–X
Catalyst 4
(mol% Pd)

Conv.
(%)a Yield (%)b TON Ee (%)c

1 Ph–I 0.5 100 99 1.9 3 102 14
2 Ph–I 5 3 1026 100 98 1.9 3 107 4
3 Ph–I 5 3 1027 100 98 1.96 3 108 2
4 Ph–I 5 3 1029 100 84 1.68 3 1010 2
5 Ph–OTf 0.5 100 99 1.9 3 102 25
6 Ph–OTf 5 3 1024 100 99 1.98 3105 14
a Conversion determined by GC. b Isolated yield. c Enantiomeric excess
determined by GC on a fused silica gel column (25 m 3 0.25 mm) coated
with 10% heptakis(2,3,6-tri-O-methyl)-b-cyclodextrin at 100 °C, tR(2)
39.30 min; tR (+) 40.58 min.
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mediate suggests a mechanism for the Heck reaction involving
PdII–PdIV species and suggests that the first step of the catalytic
cycle is oxidative addition of a haloarene to a palladium(II)
compound to form a palladium(IV) species. In the next step, an
alkene molecule is coordinated and inserts into the Pd–Ar bond.
The insertion process occurs via a four-centered transition state
which requires a planar assembly of the alkene and Pd–Ar bond.
Hence, insertion proceeds in a syn manner to generate a s-
alkylpalladium complex. The formate anion reacts subsequently
with the intermediate 7 producing the norbornyl palladium
formate 8 from which exo-phenylnorbornane 9 is generated
through decarboxylation and Pd(II) deinsertion.

In conclusion, we have described the synthesis of a new
active P*-chiral phosphapalladacycle and its successful use in
the asymmetric hydroarylation of norbornene, with TON up to
1010. On the other hand, although the enantiomeric excesses are
low (up to 25% ee) they constitute, to our knowledge, the first
results in asymmetric catalysis using a chiral phosphapallada-
cycle catalyst. Further studies relating to structural modification
of the chiral ligand are now underway and will be reported in
due course.
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Scheme 1

Fig. 1 X-Ray structure of 5, with labeling scheme (for clarity the iodine ion
has been omitted). Selected bond distances (Å) and angles (°): P1–Pd2
2.321(3), Pd2–O22 2.1810(1), Pd2–C27 1.221(2), Pd2–C26 2.195(3), C23–
O22 1.212(4), P1–N3 1.662(4), P1–N4 1.662(3), P1–C6 1.790(2); Pd2–
C27–O22, 115.2(1), P1–Pd2–N3 140.8(1), P1–Pd2–N4 105.7(2), P1–N3–
N4 94.5(2), P1–N4–C5 122.1(2), P1–N4–C11 111.4(3), P1–N4–C5
122.1(3), Pd2–C26–C7 132.2(1), Pd2–C26–O22 84.0(1), P1–N3–C14
117.4(4), P1–N3–N4 94.5(3), Pd2–P1–C27 138.4(2), Pd2–P1–C26
86.6(1).
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