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ABSTRACT

Bowl-shaped phosphine ligands were found to be highly effective in Suzuki −Miyaura coupling of unactivated aryl chlorides, in which the
depth of the bowl affected the catalytic activity considerably.

Phosphines are one of the most important ligands in a
homogeneous transition-metal-catalyzed reaction. Therefore,
a wide variety of phosphines have been designed to realize
high catalytic activity and selectivity.1 Recently, a bowl-
shaped phosphine (BSP) has attracted much attention,2

because BSP has a very unique shape.3 Goto and Kawashima
reported the first example of BSP, tris(2,2′′,6,6′′-tetramethyl-
m-terphenyl-5′-yl)phosphine (2; Figure 1).2a,bFigure 2 shows
optimized structures of2 as a representative BSP and P(t-
Bu)3 by HF/6-31G(d) calculations,4a using initial structures
optimized by CONFLEX4b/MM34c,d (HF/6-31G(d)-CON-

FLEX/MM3). As shown in Figure 2, both2 and P(t-Bu)3
are obviously very bulky. However, the nature of the
bulkiness is quite different between these two phosphines.
The bulkiness of2 occurs on the periphery of the phosphine
(at the rim of the bowl) with substantial empty space around
the phosphorus atom. In contrast, P(t-Bu)3 has severe steric
congestion within close proximity of the phosphorus atom.
We recently reported the first application of BSP as a ligand
in a transition-metal-catalyzed reaction, and found remarkable
rate enhancement by BSP in the rhodium-catalyzed hydrosi-
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lylation of ketone.2d,f During our continuous effort to explore
the efficacy of BSP as a ligand in transition-metal-catalyzed
reactions, we found a new efficiency of BSP and wish to
report that BSP is a highly effective ligand in the palladium-
catalyzed Suzuki-Miyaura coupling of unactivated aryl
chlorides.

The palladium-catalyzed Suzuki-Miyaura coupling is one
of the most important and versatile methods for construction
of carbon-carbon bonds.5 It is well-known that Suzuki-
Miyaura coupling is considerably affected by the nature of
the catalyst precursor, the added base, and solvent.5 There-
fore, the proper choice of reaction conditions is very impor-
tant to evaluate the effect of a ligand in Suzuki-Miyaura
coupling. In the present study, five BSP ligands (1-5 in
Figure 1) were employed. They are phosphines having
m-terphenyl (1-4) or the higher dendritic moieties (56).

Recently, Fu and Buchwald have shown that catalyst
systems with very basic and bulky phosphines are effective
in Suzuki-Miyaura coupling of unactivated aryl chlorides.7

Such bulky phosphines are also effective ligands in the
Mizoroki-Heck reaction of unactivated aryl chlorides.8

Actually, P(t-Bu)3 and tricyclohexylphosphine (PCy3) ef-
fectively worked as ligands in the coupling of 4-chlorotoluene
with phenylboronic acid in the presence of Pd(dba)2 with
Cs2CO3 as a base in dioxane at 80°C7a as shown in Scheme
1. To evaluate the effectiveness of the BSP ligand in Suzuki-

Miyaura coupling, we carried out the reaction with BSP
ligands under the same reaction conditions. The BSP ligand
1 having a m-terphenyl moiety without any substituents
afforded the product only in 2% yield. On the other hand,
the BSP ligands2 and4 bearing methyl substituents at the
2,2′′,6,6′′ positions of them-terphenyl moiety and the BSP
ligand 5 bearing the higher dendritic moiety afforded the
product in much higher yields (75-91%). Thus, the BSPs
with the methyl substituents were found to be effective
ligands that are comparable to the very basic and bulky
phosphine (Scheme 1).

The BSPs are still effective even at a lower reaction
temperature (50°C) with KF as a base in THF7b (eq 1, Table
1). Although the BSP ligand1 afforded the product only in
1% yield (entry 1), the BSP ligands2, 3, 4, and5 afforded
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Figure 1. Bowl-shaped phosphines.

Figure 2. Optimized structures of (a)2 and (b) P(t-Bu)3 by HF/
6-31G(d)-CONFLEX/MM3.

Scheme 1
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the product in 50%, 74%, 86%, and 89% yields, respectively
(entries 2-5). In contrast, representative triarylphosphines
such as PPh3, P(o-tol)3, and P(Mes)3 gave almost no coupling
adduct (entries 6-8). P(t-Bu)3 and PCy3 were not so effective
as shown in entries 9 and 10.

As shown in Scheme 1 and Table 1, the BSP ligands2-5
are effective in Suzuki-Miyaura coupling of 4-chlorotoluene.
However, the structurally comparable1 is not effective. To
elucidate the unusual effectiveness of BSP in the coupling
reaction, two critical parameters, basicity and cone angle,
of the phosphines were examined. So far, these two electronic
and steric parameters successfully rationalized the influence
of phosphine ligands in many transition-metal-catalyzed
reactions.1 The basicity of phosphines was evaluated by two
methods: theoretical calculation (HF/6-31G(d)) of the mo-
lecular electrostatic potential (Vmin;9 more negative values
indicate more basic phosphines) and1JP-Se coupling con-
stants10 of the corresponding phosphine selenides SedPR3

(smaller values correspond to higher basicity). In addition,
the cone angles of the phosphines were measured according
to Tolman’s definition11 by using structures optimized by
the HF/6-31G(d)-CONFLEX/MM3 calculations. These elec-
tronic and steric parameters are listed in Table 1. As shown
in Table 1, the effective (2-5) and the ineffective (1) BSP
have essentially similar basicity comparable to that of
triarylphosphines such as PPh3. Furthermore, a particular
range of the cone angles for the effective ligands cannot be

determined. Thus, neither the basicity nor the cone angle
showed evident correlations with the efficacy of the phos-
phines. Hence, we turned our attention to the shape of BSP.
The depths (d) and the diameters (l) of BSP (1-5) were
measured on the optimized structures obtained by the HF/
6-31G(d)-CONFLEX/MM3 calculations, and listed in Table
2. We previously reported that the depth of the bowl (d),

not the diameter (l), is a critical parameter to determine the
effectiveness of the BSP ligands in the rhodium-catalyzed
hydrosilylation of ketones.2d,f In Table 1, the deeper bowls
(2-5) are apparently effective, but the shallower bowl (1)
is not, which is very reminiscent of the rhodium-catalyzed
hydrosilylation of ketones with BSP.2d,f

The effect of the depth of the bowl on the catalytic activity
was further examined with various aryl chlorides by using
BSP/Pd2(dba)3‚CHCl3 catalyst in THF (Table 3). In the
reaction of 2-chloro-1,3-dimethylbenzene with phenylboronic
acid, the product was obtained in 91%, 91%, 40%, and 68%
yields with BSPs5, 4, 3, and2, respectively (entries 1-4).
In the more sterically demanding coupling reaction of
2-chloro-1,3-dimethylbenzene with 2-methylphenylboronic
acid employing K3PO4 as a base, the deepest BSP5 provided
the product in much higher yield (89%) than with BSP4, 3,
and 2 (57%, 36%, and 36% yields, respectively) (entries
6-9). Among BSPs, the deepest BSP5 is also the most
effective ligand with the activated aryl chloride by the
electron-withdrawing substituent (entries 11-15). Although
the reactions of 4-chloroanisole were sluggish, the highest
yield was obtained with5 (entry 16). With 2-chloropyridine
as a heteroaryl chloride, the deepest BSP5 still was the most
effective ligand (entry 21). In this case, however, some
deeper BSPs (4 and 3: entries 22 and 23) were far less
efficacious, and the shallower ligand (1) afforded the product
in high yield (entry 25). Coordination of the pyridine
functionality to a catalyst center12 may affect the influence
of the depth of BSP.
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Table 1. Effect of Phosphine Ligands on the Suzuki-Miyaura
Coupling of 4-Chlorotoluene with Phenylboronic Acida

basicity

entry ligand Vmin
b 1JP-Se

cone angle
(deg)b

yield
(%)d

1 1 -41.6 766 193 1
2 2 -41.0 770 205 50
3 3 -42.8 741 210 74
4 4 -42.5 743 221 86
5 5 -39.8 770 268 89 (88e)
6 PPh3 -42.2 735 168 0
7 P(o-tol)3 -44.4 732 218 1
8 P(Mes)3 -44.6 -c 243 0
9 P(t-Bu)3 -54.4 686 181 0 (5f)

10 PCy3 -54.4 674 188 13 (46f)

a Reaction conditions: 4-chlorotoluene (1.0 mmol), phenylboronic acid
(1.5 mmol), KF (3.0 mmol), THF (1 mL), Pd2(dba)3‚CHCl3 (0.005 mmol),
ligand (0.010 mmol), P/Pd) 1, 50°C, 15 h.b HF/6-31G(d).c Corresponding
phosphine selenide is not available.d GC yield. e Isolated yield.f Reaction
under reflux.

Table 2. Depths and Diameters of BSPsa

phosphine d [nm] l [nm]

1 0.132 1.95
2 0.208 1.99
3 0.280 2.16
4 0.391 2.40
5 0.674 2.63

a By HF/6-31G(d), using initial structures optimized by CONFLEX/
MM3.
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It is noteworthy that with effective BSPs2-5 as the ligand
the P/Pd ratio affects the catalytic activity significantly
(Figure 3). At P/Pd) 1, BSPs2, 3, 4, and5 afforded the
product in 50%, 74%, 86%, and 89% yields in eq 1,
respectively (entries 2-5 in Table 1 and Figure 3). However,
at P/Pd) 2, the yield with3, 4, and5 decreased dramatically
to 7%, 12%, and 43%, respectively (Figure 3). At P/Pd) 3,
all the yields with3, 4, and5 further decreased to 2% (Figure
3). On the other hand, with2 the yield of the product
considerably increased to 77% at P/Pd) 1.2 (not shown in
Figure 3), and to 88% at P/Pd) 2, but decreased drastically
to 1% at P/Pd) 3 (Figure 3). In the presence of an excess
of phosphines, bis- and trisphosphine Pd species, which have
almost no catalytic activity under the present reaction

conditions, might be predominant. It is well-known that
bowl-shaped molecules stabilize highly reactive species
within the bowl very effectively.13 In the catalytic reaction,
deeper BSP ligands could generate highly unsaturated
monophosphine Pd species efficiently, since the deeper bowl
ligand would exclude the other identical deeper ligand on
coordination. The highly unsaturated monophosphine Pd
species thus obtained have deeper bowl-shaped cavities
(empty space) around a metal center and are expected to
have very high catalytic activity.

In summary, BSP ligands were found to be highly effective
in the palladium-catalyzed Suzuki-Miyaura coupling of
unactivated aryl chlorides. The depth of the bowl affected
the catalytic activity considerably: the deeper bowl ligand
was more effective than the shallower bowls. Further
catalytic application of BSP as a ligand is currently being
investigated.
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Table 3. Suzuki-Miyaura Coupling of Various Aryl
Chloridesa

a Reaction conditions: aryl chloride (1.0 mmol), arylboronic acid (1.5
mmol), base (3.0 mmol), THF (1 mL), Pd2(dba)3‚CHCl3 (0.005 mmol),
ligand (0.010 mmol), P/Pd) 1. b Arylboronic acid (2.0 mmol).c GC yield,
isolated yield in parentheses.

Figure 3. Effect of P/Pd on the Suzuki-Miyaura coupling of
4-chlorotoluene with phenylboronic acid (eq 1). Yields were 50%,
88%, and 1% with2; 74%, 7%, and 2% with3; 86%, 12%, and
2% with 4; and 89%, 43%, and 2% with5, at P/Pd) 1, 2, and 3,
respectively.
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