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An efficient catalytic route to biaryls by employing
(generally) only 0.25 mol % of Pd(OAc), and 0.5 mol %
of 1in the Hiyama coupling reaction is reported. High yields
for electron-rich, -neutral, and -deficient aryl chlorides are
obtained. A variety of phenylsiloxanes undergo coupling
with aryl bromides and chlorides with low Pd(OAc),/1
loadings.

Palladium-catalyzed C—C bond-forming reactions are
exceedingly useful in modern organic synthesis. Biaryls
(constituents of aromatic polymers, liquid crystals, natural
products, and pharmaceuticals) can be synthesized using,
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e.g., Pd-catalyzed Suzuki,' Negishi,> Kumada,®> Hiyama,*
and Stille® reactions. Despite the toxicity and relatively
expensive organotin reagents, the Stille reaction remains a
popular approach, especially because of its utility in the
stereoselective coupling of vinyl- and alkenylstannanes.®

The potentially most attractive of the aforementioned
methodologies is Hiyama cross-coupling because organosi-
licon reagents are commercially available at relatively low
cost or can be easily prepared. These reagents are also
nontoxic and quite stable to the presence of other function-
alities and to a variety of reaction conditions. However,
because organosilanes are comparatively unreactive nucleo-
philes, Hiyama coupling has not yet replaced Stille and
Suzuki methodologies."** For example, in contrast to Suzuki,
Kumada, and Stille methodologies, there is presently no
general method for cross-coupling considerably cheaper,
more widely available aryl chlorides with organosilicon com-
pounds.

Hiyama and co-workers showed that aryl(ethyl)dichloro-
silanes could be coupled with activated aryl chlorides to give
good yields of coupled product after 24—48 h at 120 °C in
DME.** Deshong and Mowery developed a useful protocol
for coupling aryl bromides and iodides with siloxane deriva-
tives, which have been touted as the most convenient organo-
silanes for Hiyama cross-coupling.* However, challenges
with aryl chlorides were encountered in that work. Recently,
an efficient method for producing biaryls from mesityl-pro-
tected aryl alcohols and aryl siloxanes using 2 mol % of
Pd(OAc), and 8 mol % of CM-phos was reported.” Ligands
such as PPh;, ‘BusP, and ‘Bu,P-biphenyl were completely
ineffective. Even Cy,P-biphenyl/Pd,dbas; (the most effective
catalyst utilized by Buchwald for a range of aryl chloride
cross-couplings*®) produced only a 47% yield of product in
the cross-coupling of PhSi(OMe); with 4-chloroacetophenone
using 10 mol % of Pd,dbas.* It has been reported that an
imidazolium chloride/Pd(OAc), catalyst was more useful than
Cy,P-biphenyl/Pd,dbajs for three activated aryl chlorides, but
unactivated substrates such as 4-chloroanisole gave poor
yields.* PdCl,(CH5CN), in the presence of S-diimine ligands
for the coupling of 4-chloroacetophenone with PhSi(OMe);
afforded only a 62% yield of product.®

Recently, we reported the first synthesis of the bulky
phosphine 1 (Figure 1) and showed it to be effective in
Suzuki—Miyaura cross-coupling reactions, giving high
yields of desired biaryls in the presence of 1 mol % of
Pd(OAc), and 2 mol % of 1.” Ligand 1 features a bulky
iminoproazaphosphatrane moiety that provides electron
richness to the ‘Bu,P group via donation from the “equatorial”
‘BuN substituents and via potential transannulation from the
basal planar N.” Here we show the usefulness of 1 in the
Hiyama coupling of a variety of aryl bromides and chlorides
to obtain high yields of biaryls with low loadings of Pd
(0.25—1.0 mol %) and 1 (0.5—2.0 mol %).
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FIGURE 1. Electron-rich phosphines synthesized in our laboratory.

TABLE 1.  Optimization Study

X (MeO)Si PA(OAC),, Ligand
+ TBAFxH,0, Dioxane, 80 °C
MeO

X: Br
orCl

aryl Pd(OAc), ligand yield”
entry halide solvent (mol %) (mol %) (%)
1 Cl dioxane 1.0 1(2.0) 86
2 Cl THF 1.0 1(2.0) 64
3 Cl dioxane 0.5 1(1.0) 81
4 Cl dioxane 0.25 1(0.5) 56
5 Cl dioxane 0.5 2 (1.0) 6
6 Cl dioxane 0.5 3(1.0) 42
7 Cl dioxane 0.5 4(1.0) 0
8 Cl dioxane 0.5 1(0.5) 70
9 Cl neat 0.5 1(1.0) 81
10 Br neat 0.5 1(1.0) 93
11 Br neat 0.25 1(0.5) 87

“Reaction conditions: 2 mmol of 4-chloroanisole, 4 mmol of tri-
methoxyphenylsilane, 3.5 mmol of TBAF - xH,O, S mL of solvent, 2.5 h.

4-Chloroanisole is the most recalcitrant aryl halide sub-
strate in Hiyama coupling with PhSi(OMe);. A 40% product
yield was obtained using 10 mol % of PdCI,(CH;CN), and
20 mol % of P(o-tol)s in toluene at 80 °C.'° In the presence of
3 mol % of Pd(OAc), and 6 mol % of DABCO, only 20% of
the desired product was obtained after 24 h at 80 °C."" The
highest reported yield (93%) was achieved using microwaves
at 120 °C for 10 min in the presence of 1 mol % of an oxime-
derived palladacycle.'” Under the conditions in entry 1 of
Table 1, we received an 87% yield of product using ligand 1.
Using Pd,dba; or Pd(dba), decreased the product yield,
owing to the formation of Pd black. Increasing the tempera-
ture accelerated the formation of Pd black and also de-
creased product yield. Lower temperatures decreased the
amount of Pd black, but decreased product yields were also
observed.

Other fluoride sources (e.g., CsF and BusSnF) were
ineffective in our protocol. Only low product yields were
obtained with phosphine analogues 2 and 3 (Table 1, entries
5and 6), and 4 was completely ineffective (entry 7). Changing
the Pd/L ratio from 1:2 to 1:1 gave a moderate product yield
of 70% (Table 1, entry 8). When both reactants are liquids,
the reaction could be carried out in the absence of solvent
to achieve the same yield as in entry 3 (entry 9). When
4-bromoanisole was coupled, an excellent yield of desired
biaryl was achieved (entry 10). Decreasing the palladium
loading to 0.25 mol % decreased product yield by only 6%
(entry 11).
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]OCNote

TABLE 2.

N MOSIN A PaOAG), Ligand 1 = /=
R 7 TTBAFxH,0, Solvent, 80°C X INOR
R

Scope of Aryl Bromides

entry R' time yield (%)™"

1 3-OMe 4-Me  3h  91°(Lit: 80)

2 4-NMe, 4-Me  5h 714

3 4-CF; H 2h 93 (Lit: 87-99)
4 4-NO, H 2h  91°(Lit: 51-93)
5 4-COMe H 2h  91°(Lit: 55-99)
6  4-CN H 2h  84°(Lit: 85)

7 3-CO,Me 4-OMe 15h 87

8  2.6-Me 4-OMe 2h  89¢

9  2-F 4-OMe 05h 83°

10 4-Bu 4-OMe 05h 85

11 ©)LBr 4-Me lh 78

“Average of two runs. Yields are isolated yields. *Reaction condi-
tions: 2 mmol of aryl bromide, 4 mmol of siloxane, 3 mmol of
TBAF - xH,0. 0.5 mol % of Pd(OAc),, 1 mol % of 1, neat. “1 mol %
of Pd(OAc),, 2 mol % of 1, 5 mL of dioxane. “0.5 mol % of Pd(OAc),, 1
mol % of 1, 5mL of dioxane.”0.25 mol % of Pd(OAc),, 0.5mol % of 1, 5
mL of dioxane. ¥1 mol % of Pd(OAc),, 2 mol % of 1, neat.

TABLE 3.  Scope of Aryl Chlorides
o Cl (MeO)sSin_~ ) — —

H_()/ + GR‘ TBAF:ES:(;,) zé.h?::t(,j;o °C RX/O_@R,

entry R R'  time vield (%)

1 3-OMe H 1.5h 87 (Lit: 25)

2 2-CF; H 3h 8¢

3 4-CN H 2h 93¢

4 4-CO,Me H 2h 95

5 4-COMe H 1.5h 95 (Lit: 62-99)

6 34-0CH,O- H 2h  90°

7 2-Me H 2h 87"

8 1-naphthyl H 1h 83!

jun)

9 Q—m 05h  91°

“Average of two runs. Yields correspond to isolated yields. “Reaction
conditions: 2 mmol of aryl chloride, 4 mmol of siloxane, 3 mmol of
TBAF - 3H,0, neat, time: 0.5—2 h. “0.5 mol % of Pd(OAc),, 1 mol % of 1,
neat. 71 mol % of Pd(OAc),, 2 mol % of 1, neat. “0.5 mol % of Pd(OAc),,
1.0 mol % of 1, 5 mL of dioxane.

With the low catalyst loading in Table 1, entry 11, we
investigated a variety of aryl bromides (Table 2). All the
products in Table 2 have been reported previously using
other coupling approaches, although the products in
Table 2, entries 1 and 3—6, those in Table 3, entries 1 and
5, and the product in Table 4, entry 2, have also been
reported earlier via Hiyama coupling (see the correspond-
ing references in the last column of these tables). Pleasingly,
a wide range of aryl bromides can be coupled with a variety
of siloxanes. For example, electron-donating aryl bromides
bearing OMe or NMe, substituents are coupled with
p-tolyltrimethoxysilane in moderate to excellent product
yields (Table 2, entries 1 and 2). Electron-withdrawing aryl
bromides containing CF3, NO,, COMe, or CN substituents
are also easily coupled with PhSi(OMe); in good to excel-
lent yields (Table 2, entries 3—6). Surprisingly, methyl
3-bromobenzoate was coupled to p-methoxyphenyltri-
methoxysilane in 87% yield in the presence of only
0.25 mol % of Pd(OAc), and 0.50 mol % of 1 (Table 2,
entry 7).

With some Hiyama catalyst systems, aryl bromides bearing
an ortho methyl or phenyl group have provided only low to
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TABLE 4. Scope of Heterocyclic Chlorides

Heterocyclic (l\+/1eO)3S| Pd(OAc),, Ligand 1
chloride TBAFxH,0, Solvent, 80°C

Heterocycle—@

entry heterocyclic chloride time (h) yield®.? (%)
1 2-pyridyl 2 81¢
2 3-pyridyl 1.5 82 (lit: 63—92)
3 2-thiopheneyl 1 95¢

“Average of two runs. Yields are isolated yields. *Reaction condi-
tions: 2 mmol of aryl chloride, 4 mmol of siloxane, 0.5 mol % of
Pd(OAc),, 1 mol % of 1, 3 mmol of TBAF, time 0.5—2 h. “Neat
conditions. “5 mL of dioxane.

moderate yields of products.”®!%!"-!13 Here, sterically hindered

2-bromo-m-xylene coupled with p-methoxyphenyltrimethox-
ysilane to give an 89% product yield (Table 2, entry 8).
a-Bromostyrene coupled well with p-tolyltrimethoxysilane in
the absence of solvent to produce a 78% product yield
(Table 2, entry 11).

We next focused on aryl chloride substrates (Table 3).
Such chlorides are generally quite refractory in palladium-
assisted coupling reactions owing to their reluctance to
oxidatively add to Pd(0)."* Hence, only aryl chlorides with
highly electron-withdrawing substituents tend to undergo
coupling with aryl siloxanes.®!%!"13:15 Electron-donating
groups on aryl chlorides generally lead to low to moderate
yields.'%!1-13:150 Here ligand 1 effectively facilitates
coupling of not only electron-withdrawing aryl chlorides
under low catalyst loadings but also electron-donating and
sterically hindered aryl chlorides. Aryl chlorides with elec-
tron-withdrawing groups such as CF3;, CN, CO,Me, and
COMe are efficiently coupled to PhSi(OMe); in excellent
yields in the presence of only 0.5 mol % of Pd(OAc), and
1 mol % of 1 (Table 3, entries 3—5). The coupling of
2-chlorotrifluorotoluene with  PhSi(OMe); proceeded
smoothly with 1 mol % of Pd(OAc), and 2 mol % of 1 to
provide 82% of the desired product (entry 2). This is the first
time that the products in entries 2—4 have been made from an
aryl chloride via Hiyama coupling.

Electron-donating aryl chlorides were coupled with PhSi-
(OMe); with surprising efficiency. Thus, 3-chloroanisole un-
derwent coupling to give 87% of the biaryl product in 1.5 h
(Table 3, entry 1). This biaryl was made only once previously
in a Hiyama coupling in which only 25% of the desired
product was obtained via the reaction of 3-chloroanisole with
PhSi(OMe); in the presence of 5 mol % of Pd(acac), and 5 mol
% of the phosphite [3-Me-2,6-7-Bu,CsH,OP(OCH,),],C in
p-xylene at 120 °C.'3* The electron-rich aryl chloride 5-chloro-
1,3-benzodioxole underwent coupling in 90% isolated yield
(Table 3, entry 6).
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SCHEME 1. Reaction of Aryl Chlorides with Aryl Siloxanes
O MOISIN A 1 mol % Pd(OAG), 2mol %1 /TN /T
R * «oU T TBAFXHO, Neat, 80°C X /7 N\ WX,
5a: 4-OMe 6¢: 4-OMe 7ac: 84%
5b: 2-pyridine 6d: 4-Me 7ad: 82%

7be: 77%

7bd: 83%
Reaction conditions: 2 mmol aryl chloride, 4 mmol siloxane,

3 mmol TBAF-xH_0, time: 2 h.

Sterically demanding aryl bromides are difficult substrates
in some catalytic Hiyama approaches, leading to only mod-
erate yields of the corresponding coupled products,”-*1%-11:13
Thus, sterically encumbered aryl chlorides might be pre-
dicted to be even more problematic in this respect. However,
using only 1 mol % of Pd(OAc),/2 mol % of 1, 2-chloroto-
luene and 1-chloronaphthalene were coupled with PhSi-
(OMe); in good yields (87% and 83%, respectively,
Table 3, entries 7 and 8). Even I-chlorocyclopentene was
coupled with PhSi(OMe); using only 0.5 mol % of Pd(OAc),/
1 mol % of 1, producing a 91% product yield (entry 9). To the
best of our knowledge, this is the first time 1-chlorocyclopentene
has been used for Hiyama coupling.

The usefulness of our catalytic system also applies to the
coupling of 4-chloroanisole and 2-chloropyridine which
were coupled with p-methoxyphenyltrimethoxysilane and
p-tolyltrimethoxysilane in the presence of 1 mol % of Pd-
(OAc), and 2 mol % of 2 to give moderate to good product
yields (Scheme 1).

Next, we turned our focus to heterocyclic aryl chlorides
(Table 4). Only a few literature reports on the use of
heterocyclic aryl chlorides in Hiyama coupling have
appeared.'®!> Here, we show that such substrates couple
well with PhSi(OMe);, in the presence of 0.5 mol % of
Pd(OAc),/1 mol % of 1. Thus, 2-chloropyridine and
2-chlorothiophene underwent coupling to give an 81 and
95% isolated product yield, respectively, in the absence of
solvent (Table 3, entries 1 and 3). When dioxane was used as
solvent, GC revealed very low conversion to product. To
the best of our knowledge, this is the first time these
products have been made from a heterocyclic aryl chloride
via Hiyama coupling. When 3-chloropyridine was coupled
with PhSi(OMe)s, dioxane was required to suppress the rate
of Pd black production until the starting material was
consumed. After 1.5 h, an 82% yield of the desired biaryl
was isolated (Table 3, entry 2). The highest reported
literature yield for this reaction was 92%, which was
obtained using 1 mol % of an oxime-derived palladcycle
under microwave conditions at 120 °C.'?

Herein we have demonstrated the wide utility of low
loadings of Pd(OAc),/1 (generally 0.25 mol % of Pd(OAc),
and 0.5 mol % of 1) and relatively mild conditions (generally
80 °C for 0.5—3 h) for coupling a wide range of aryl bromides
and chlorides with phenylsiloxanes. These reactions are
characterized by generally good to excellent product yields.
Further work directed at further expanding the substrate
scope is currently underway.

Experimental Section

General Procedure for the Hiyama Coupling of Aryl Bromides
and Chlorides. A 10 mL vial was charged with 3 mmol of
TBAF-xH,0 (794 mg), 0.5 mol % of Pd(OAc), (2.24 mg),
and 1.0 mol % ofligand 1 (10.03 mg) in a glovebox. The vial was
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capped and brought outside the glovebox where 4 mmol of
arylsiloxane and 2 mmol of aryl halide were added under an
argon flow. The reaction vessel was heated to 80 °C for the
specified times given in the tables. The mixtures were then
purified by column chromatography (0—5% EtOAc) to obtain
pure biaryls.

]OCNote

Acknowledgment. We thank the National Science Foun-
dation for a grant (07500463) in support of this work.

Supporting Information Available: 'H and '*C NMR for all

compounds as well as experimental prodedures. This material is
available free of charge via the Internet at http://pubs.acs.org.

J. Org. Chem. Vol. 75, No. 5, 2010 1747



