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There has been a growing interest in the molecular design of
bulky phosphane ligands,[1] which can facilitate the formation
of catalytically active low-coordinate species by their steric
properties. The tertiary phosphane complexes of divalent
palladium are well recognized as important species because of
their effectiveness in organic synthesis and as homogeneous
catalysts.[2] Generally, the reactions of tertiary phosphanes
with palladium(ii) halides produce the 2:1 complexes
[PdX2(PR3)2] (X=halide), which may or may not be con-
verted to the 2:2 complexes [(PdX2)2(PR3)2] upon heating.[3]

Although bulky phosphane ligands tend to favor the direct
formation of 2:2 complexes,[3] there has been no report of a
phosphane ligand bulky enough to form the 2:3 trinuclear
complex [(PdX2)3(PR3)2]. Most of the bulky phosphane
ligands thus far reported have the substituents in the vicinity
of the phosphorus center, which often results in facile

intramolecular cyclometallation. For example, trimesitylphos-
phane (P(Mes)3) reacts with palladium(ii) chloride under a
wide range of reaction conditions to produce only the
cyclometallated dinuclear complex.[4] Although such cyclo-
metallation reactions have attractedmuch attention in view of
the catalytic utility of the resulting metallacycles,[5] they are
undesirable when one intends to synthesize a metal complex
with the phosphane ligands intact. It is usually difficult,
however, to increase the steric bulk of the phosphane ligands
without an increase in the steric congestion around the
phosphorus center.

In the course of our study on bowl-shaped molecules,[6] we
previously designed the triarylmethane,[7a] triarylsilane,[7b] and
triarylgermane[7c] derivatives 1–3, in which the radially
extended m-terphenyl units form a large cavity. It is expected
that replacement of the central atom of these molecules by a
phosphorus atom will produce very bulky phosphane ligands
without severe steric congestion in the vicinity of the
phosphorus center. Recently, Tatsumi and co-workers[8] and
our group[9] independently reported the synthesis of triaryl-
phosphane TRMP.[10] TRMP was applied to the highly
efficient rhodium-catalyzed hydrosilylation of ketones by
Tsuji et al.[11] In this communication, we report the synthesis
and structure of the first example of the [(PdX2)3(PR3)2]-type
trinuclear complex by taking advantage of a novel bowl-
shaped phosphane TRIP,[10] in which the methyl groups of
TRMP are replaced by isopropyl groups (Figure 1).

TRIP was prepared by lithiation of the corresponding m-
terphenyl bromide 4[6e] followed by treatment with PCl3
(Scheme 1). The 31P NMR spectra (CDCl3) of TRIP showed
a signal at d=�6.60 ppm, which is almost the same as the
chemical shifts of TRMP (d=�7.16 ppm) and triphenylphos-
phane (d=�6.0 ppm).[12] X-ray crystallographic analysis
established the structure of TRIP (Figure 2),[13] in which the
central phosphorus atom is embedded in a bowl-shaped
cavity. The space-filling models of the crystal structures of
TRMP[9b] and TRIP are shown in Figure 3. Both phosphanes
have a diameter of about 16 ;, but the cavity of TRIP is

Figure 1. Bowl-shaped molecules that bear m-terphenyl units.

Scheme 1. Synthesis of TRIP.
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deeper than that of TRMP (3.3 ; for TRIP versus 2.1 ; for
TRMP). The cone angle of TRIP is estimated to be 2068,
which is much larger than those of TRMP (1748),[9b] tri-
t-butylphosphane (1828)[12] and triphenylphosphane (1458).[12]

On the other hand, the averaged C-P-C bond angle of TRIP is
1038, which is almost the same as those of TRMP (1028)[9b] and
PPh3 (1038),

[12] in contrast to other bulky phosphanes such as
P(Mes)3 (1108).[14] These results indicate that in phosphane
TRIP, which bears a dendritic framework, the molecular size
is enlarged in comparison with PPh3 without increasing steric
repulsion among the three aryl groups.

The reactions of tertiary phosphanes with divalent palla-
dium chloro salts usually produce the mononuclear complex
[PdCl2(PR3)2] or dinuclear complex [(PdCl2)2(PR3)2], depend-
ing on the relative amount of the phosphane ligand. Tatsumi
et al. reported that, even in the case of TRMP, the reactions
with PdCl2 in the ratio of 1:2 and 1:1 (Pd/ligand) yielded the
corresponding mononuclear complex, [PdCl2(TRMP)2], and
the dinuclear complex, [(PdCl2)2(TRMP)2], respectively.

[8a] In
contrast, the treatment of PdCl2 with an equimolar amount of
TRIP in refluxing ethanol/THF produced the trinuclear
palladium(ii) chloride complex, [(PdCl2)3(TRIP)2] (5), as a
single product (Scheme 2). In the 31P NMR spectrum
(CDCl3), 5 showed a signal at d= 34.77 ppm. The structure
of 5 was established by X-ray crystallographic analysis
(Figure 4).[13]

The X-ray crystal structure (Figure 4) shows that 5
contains three Pd atoms linked by bridging chloride ligands

with the Pd2 atom residing at a crystallographic inversion
center. It is known that PdCl2 has a polymeric structure in the
solid state,[15] and the structure of 5 can be regarded as a
trimer of PdCl2 cut out from the polymeric chain by two
phosphane ligands. The formation of a PdCl2 trimer termi-
nated by organic ligands at each end has been postulated in
some references, but based only on indirect evidence.[16] This
is the first example of a structurally characterized PdCl2
trimer complex. The bond length of Pd1�Cl3 is substantially
longer than that of Pd1�Cl1, indicating the stronger trans
influence of the phosphane ligand compared with that of the
chloride. Similar asymmetry in the Pd�Cl bond lengths was
reported for many dinuclear palladium chloride phosphane
complexes, such as [PdCl2(PPh3)2].

[17] On the other hand,
there is no significant difference between the Pd2�Cl1 and
Pd2�Cl3 bond lengths, both of which are close to the Pd�(m-
Cl) bond lengths in the central PdCl4 unit of the chloride-
bridged trinuclear PdII complex, [Pd3Cl4(m

3-2-methylallyl)2]
(2.30–2.31 ;).[18] It was found that 5 is solvated by ten
molecules of CHCl3 (omitted for clarity in Figure 4), all of
which are located outside the cavity of the TRIP ligand.

Figure 2. X-ray crystal structure of TRIP (ORTEP drawing, 50% proba-
bility). Selected bond lengths [F] and angles [8]: P1-C1, 1.829(3); P1-
C2, 1.830(3); P1-C3, 1.836(3); C1-P1-C2, 101.52(13); C2-P1-C3,
103.48(13); C1-P1-C3, 104.52(13).

Figure 3. Space-filling models of the crystal structures of a) TRMP and
b) TRIP.

Scheme 2. Reaction of PdCl2 with TRIP.
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It is noteworthy that the reaction of PdCl2 with an excess
of TRIP (three equivalents) also produced only trinuclear
complex 5 ; no dinuclear or mononuclear complexes were
detected (Scheme 2). This is in sharp contrast with the
reactions of tertiary phosphanes thus far reported, including
TRMP, which produced [PdCl2(PR3)2]-type complexes. The
present results suggest that only one molecule of TRIP can
coordinate to one palladium atom because the phosphorus
center of TRIP is embedded in the bowl-shaped cavity, which
is deeper than that of TRMP. On the other hand, the 1H NMR
spectrum of 5 in CDCl3 at room temperature showed the
signals for only one kind of isopropyl group; two non-
equivalent methyl signals and one methyne signal were
observed similar to m-terphenyl bromide 4, thus indicating
that there is a space around the phosphorus center large
enough to ensure the rapid rotation of the P�C bonds. This
space is largely due to the absence of any substituent in the
ortho positions of phosphorus, which also contributes to the
suppression of intramolecular metallation. Such an inert and
large cavity in the ligand TRIP is considered to have enabled
the formation of the [(PdX2)3(PR3)2]-type complex.

Experimental Section
Synthesis of TRIP: tertButyllithium (2.36m hexane solution,
6.14 mmol) was added to a solution of 5’-bromo-2,2’’,6,6’’-tetraiso-

propyl-1,1’:3’,1’’-terphenyl (4)[6e] (1.42 g, 2.97 mmol) in THF (25 mL)
at �70 8C under Ar. The mixture was stirred at �70 8C for 25 min.
PCl3 (84 mL, 0.963 mmol) was added to this solution and the mixture
was stirred at �70 8C for 2.5 h and at room temperature for 2 h. After
removal of the solvent, the residue was treated with degassed H2O,
and extracted with degassed CHCl3 under Ar. The extracts were dried
over anhydrous MgSO4. After removal of the solvent under reduced
pressure, the residue was washed thoroughly with degassed ethanol to
give TRIP as colorless crystals (0.475 g, 40%). M.p. 345 8C; 1H NMR
(500 MHz, CDCl3) d= 0.77 (d, JHH= 6.8 Hz, 36H), 0.95 (d, JHH=
6.8 Hz, 36H), 2.52 (sept, JHH= 6.8 Hz, 12H), 6.97 (s, 3H), 7.10 (d,
JHH= 7.8 Hz, 12H), 7.26 (t, JHH= 7.8 Hz, 6H), 7.50 ppm (dd, JPH=
8.7 Hz, JHH= 1.6 Hz, 6H); 31P NMR (109 MHz, CDCl3) d=

�6.60 ppm; 13C{1H} NMR (126 MHz, CDCl3) d= 23.60 (s), 23.99
(s), 30.38 (s), 122.41 (s), 127.91 (s), 131.58 (s), 133.45 (d, JPC=
23.2 Hz), 135.60 (d, JPC= 13.7 Hz), 138.77 (s), 140.61 (d, JPC=
8.6 Hz), 146.61 ppm (s). Elemental analysis calcd (%) for
C90H113OP: C 87.05, H 9.17; found: C 86.89, H 9.27. Atmospheric-
pressure chemical ionization (APCI)-MS m/z 1224 [M+H]+.

Synthesis of 5 : A solution of TRIP (134.9 mg, 0.110 mmol) in
THF (30 mL) was added to a solution of PdCl2 (29.8 mg, 0.168 mmol)
in ethanol (10 mL). Themixture was heated at reflux for 3 h under Ar.
After removal of the solvent, the residue was treated with CHCl3 and
filtered. After evaporation of the solvent, the residue was washed
with hexane and recrystallized from CHCl3/hexane to give 5 as yellow
crystals (80.3 mg, 49%). M.p. 380 8C (decomp); 1H NMR (500 MHz,
CDCl3) d= 0.69 (d, JHH= 6.8 Hz, 72H), 0.89 (d, JHH= 6.8 Hz, 72H),
2.53 (sept, JHH= 6.8 Hz, 24H), 7.07 (d, JHH= 7.8 Hz, 24H), 7.10 (s,
6H), 7.29 (t, JHH= 7.8 Hz, 12H), 7.76 ppm (d, JPH= 9.3 Hz, 12H);
31P NMR (109 MHz, CDCl3) d= 34.77 ppm; 13C{1H} NMR (126 MHz,
CDCl3) d= 23.64 (s), 24.02 (s), 30.31(s), 122.65 (s), 126.72 (d, JPC=
57 Hz), 128.10 (s), 133.72 (brs), 134.15 (s), 137.78 (s), 140.77 (m:
virtual coupling), 146.80 ppm (s). Elemental analysis calcd (%) for
C180H222Cl6P2Pd3: C 72.56, H 7.51; found: C 72.27, H 7.79.
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