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Palladium-catalyzed cross-coupling reactions constitute an
extremely versatile protocol in organic synthesis for the
connection of electrophilic to organometallic fragments
through the formation of either carbon—carbon or carbon—
heteroatom bonds.!"! During the past decade, enormous effort
has been undertaken, especially in ligand design,”” to enhance
the capability of utilizing relatively inert electrophiles, such as
aryl chlorides,® tosylates,” mesylates®! and pivalates® as
coupling partners. Yet, investigations on the development and
application of new nucleophilic partners in cross-coupling
reactions remain limited. The construction of C(sp*)—C(sp?)
bonds through the use of nucleophilic transmetalating agents,
such as organotin,l’! -boron,® -zinc,”) -magnesium,' -sili-
con," and -aluminum,'? is well-known. However, there is
need for a versatile nucleophilic partner to realize the
potential benefits of these methodologies and to tackle
current difficulties in cross-coupling reactions. Such a nucle-
ophilic partner would allow the development of a protocol
that eliminates the need to add a solid inorganic base to the
reactions and would hence enable the effective application of
such reactions in microchannel reactors and flow systems.
The pioneering studies by Hayashi and co-workers!™!
demonstrated that MeTi(OiPr); and PhTi(OiPr); could be
used for the methylation and phenylation, respectively, of
2-naphthyl triflate. Knochel and co-workers also reported a
similar arylation using nickel complexes of N-heterocylic
carbenes."! However, a general palladium system suitable for
the reaction of aryl titanium nucleophiles with aryl halides is
not yet available. To our knowledge, there is only one
publication regarding the palladium-catalyzed coupling of an
aryl triflate with an organotitanium reagent, and this is only of
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limited scope."”! We report herein the first general palladium-
catalyzed cross-coupling of aryl titanium reagents with a
variety of aryl halides. In addition, we disclose here the use of
readily available aminophosphanes in the coupling of aryl
bromides, as well as the new indolyl ligands for the successful
coupling of aryl chlorides.

The palladium-catalyzed coupling of aryl bromides/chlor-
ides with aryl titanium nucleophiles has not yet been
reported. The feasibility of coupling aryl halides with aryl
titanium reagents was investigated by using a series of
indolylaminophosphanes."® The most readily accessible ami-
nophosphanes, with either a diphenylphosphano or dicyclo-
hexylphosphano group (one step from commercially available
2-phenylindole), were initially employed in the study. Elec-
tronically neutral 5-bromo-m-xylene and sterically hindered
o-tolyltitanium derivative 2a were used as the model sub-
strates in our benchmark reaction (Table 1). In particular, we
chose the o-tolyl derivative (instead of phenyl) as the
prototypical substrate since the unsubstituted phenyl ring is
generally regarded as the substrate that undergoes cross-
coupling reactions easiest. We thus did not use the phenyl

Table 1: Initial screening of the palladium-catalyzed cross-coupling of
aryl bromide 1a with the aryl titanium nucleophilic partner 2a.?!

Me
0.05 % Pd(OAc),/L Me
Me Br solvent, temp.
1a O Me
+ 0
Me . 3aa
i ~Ti(OiPr),
2a
Entry Ligand Solvent Tt Yield® [%]
1 L1 toluene 90°C, Th 98
2 L2 toluene 90°C, 1h 99
3 Ph,P toluene 90°C, 1h 18
4 L2 toluene RT, 18 h 89
5 L1 dioxane 90°C, 1h 33
6 L1 THF 90°C, 1h 45
7t L1 toluene 90°C, 1h 58
8l L1 toluene 90°C, Th 99
9lel L1 toluene 90°C, 1h 79

[a] Reaction conditions: ArBr (0.2 mmol), Ar'Ti(OiPr); (0.3 mmol), Pd-
(OAc), (0.05 mol%, with respect to ArBr), L (0.1 mol%), solvent
(0.6 mL), under N, for the specified time. [b] Calibrated GC yields were
reported using dodecane as the internal standard. [c] Pd/L=1:1.
[d] Pd/L=1:3. [e] Ar'Ti(QiPr); (0.2 mmol) was used.
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derivative in our initial exploration into establishing the scope
of the procedure. Notably, a survey of the reaction conditions
indicated this titanium-mediated protocol did not require the
addition of solid inorganic bases. This feature possibly
provides a new opportunity and has the advantage of avoiding
the need to agitate the solid-base suspension, as is necessary
in common cross-coupling processes.

Aminophosphanes L1 and L2 with PPh, or PCy, (Cy=
cyclohexyl) groups, respectively, proved to be efficient ligands
and provided the coupling products in excellent yields; in
contrast, the commonly used Ph;P resulted in poor conversion
of the substrate (Table 1, entries 1-3). The coupling reactions
could be performed at room temperature by employing ligand
L2 (Table 1, entry 4). Toluene was the solvent of choice, while
dioxane and THF afforded only moderate yields (Table 1,
entries 5 and 6). A Pd/L ratio of 1:1 resulted in poor
conversion of the substrate,'”! while a ratio greater than 1:2
provided essentially complete conversion (Table 1, entries 1,
7, and 8). Since L1 (with a PPh, group) is considerably much
less expensive to make than L2 (with a PCy, group), we
therefore used the optimized reaction conditions depicted in
entry 1 for our further investigations.

To test the effectiveness of the Pd/L1 catalyst system, a
range of aryl bromides was examined under the preliminary
optimized reaction conditions (Scheme 1). In general, com-

1ad PPh2
0.05 % Pd(OAC),/L1
* /
toluene, 90 °C, 1 h
Me
ﬁj/ﬁ(omr)3

Z

2a
Me Me Me,
oo
OMe
Me
3aa: 95% 3ba: 97% 3ca: 98%
Me Me O Me
i~ H VA0S
H,N
3da: 97% 3ea: 92% 3fa: 90%
Me Me
Me Me
A< -
O 1)
Me H
3ga: 92%" 3ha: 94% 3ia: 95%

Scheme 1. Palladium-catalyzed cross-coupling of aryl bromides 1 with
o-tolyltitanium nucleophile 2a. Reaction conditions: ArBr (0.2 mmol),
Ar'Ti(OiPr); (0.3 mmol), Pd(OAc), (0.05 mol %, with respect to ArBr),

1 (0.1 mol %), toluene (0.6 mL, total volume), at 90°C under N, for
1 h, (see the Supporting Information for experimental details), yields
of isolated products are given in all cases. [a] 0.5 mol % of Pd(OAc),
was used.
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plete conversion was observed within 1 hour when 0.05 mol %
Pd was used. Particularly noteworthy was that the coupling of
a sterically hindered substrate (with 2,6-dimethyl substitu-
ents) with the o-tolyl nucleophile generated a tri-ortho-
substituted biaryl (Scheme 1, 3ga). This catalyst loading is the
lowest achieved so far for the synthesis of tri-ortho-substi-
tuted compounds by coupling reactions involving a phos-
phane ligand with a PPh, group. Moreover, heterocycles such

s pyridine and indole (with a free NH group) could be
coupled effectively to furnish the corresponding products 3ha
and 3ia, respectively.

The efficacy of the organotitanium-mediated coupling
reaction can be further highlighted by a series of parallel
competitive experiments. The pharmaceutically useful 5-
bromoindole (1i) was chosen as the electrophile. The use of
the Suzuki-type nucleophile (o-tolylboronic acid) and an
o-tolyltitanium reagent were compared (Scheme 2). Under

Me

Ti(OiPr),
Ti protocol 97% GC yield
C
L
N
H

3ia
base = 2 equiv K,CO,,
35% GC yield
base = 2 equiv K;PO,,
22% GC yield
base = 2 equiv NaO{Bu,
<1% GC yield

0.05 % Pd(OAc),/L1
toluene, 90 °C, 1 h

Br.
O
N
1i H
Me Boron protocol

B(OH),

Scheme 2. A set of parallel experiments between Suzuki-type organo-
boron and organotitanium nucleophiles.

the same reaction conditions, the titanium-based protocol
showed complete conversion of 5-bromoindole and afforded
the desired product in 97% yield. However, the parallel
experiments using the organoboron nucleophile resulted in
poor conversion of the substrate and provided the product in
22-35% yield when K,CO; or K;PO, was added (Scheme 2).
It is noteworthy that different aryl metal nucleophiles have
corresponding specific windows in cross-coupling processes.

The Pd/L1 catalyst system was investigated in the coupling
reactions of aryl chlorides. However, the aminophosphanes
L1 and L2 were found to be inferior in this process
(Scheme 3). We wondered if the aminophosphane was not

L1: <1% yield

L2: <1% yield: PR,
Me O N

0.5 % Pd(OAc),, L O : L1: R=Ph;L2: R=Cy

+
Me toluene, 110 °C, 16 h Me

o I o

2a

L3: 96% yleld L3 PCy,

Scheme 3. Efficiency of the coupling of an aryl chloride with 2a in the
presence of aminophosphane and phosphane ligands.
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able to donate sufficient electron density to the palladium
center for oxidative addition to occur. Hence, we took
advantage of the ligand scaffold and modified the phosphane
ligand by introducing a phosphano group on the opposite side
(3-position) of the indole skeleton to generate ligand L3. This
ligand gave a significantly better result in the coupling
reaction compared to L1 and L2 (Scheme 3).1"®!

We then set out to explore a range of aryl chloride
coupling reactions under our optimized reaction conditions
(Scheme 4). In general, a 0.5 mol % loading of the Pd catalyst

0.5 mol% Pd(0Ac)/L3 | |
toluene, 110 °C, 16 h

Me
©/Ti(0ipr)3 3
2a

Me, Me Me Me
OMe Me
3ba: 97% 3ca: 98% 3ja: 95%
O Me O Me Me
=N
o]
NC
C O O
OiPr
3ka: 96% 3fa: 92% 3la: 98%
Me Me
- Com )
&\}@ <) 1
3ha: 98% .
’ 3ma: 98% 3ia: 91%

Scheme 4. Palladium-catalyzed cross-coupling of different aryl chlor-
ides with o-tolyltitanium nucleophile 2a. Reaction conditions: ArCl
(0.2 mmol), Ar'Ti(OiPr); (0.3 mmol), Pd(OAc), (0.5 mol %, with
respect to ArCl), L3 (1 mol %), toluene (0.6 mL, total volume), at
110°C under N, for 16 h, yields of isolated products are given in all
cases. [a] 2.0 mol % of Pd(OAc), was used.

was sufficient to promote this reaction. Deactivated
4-chloroanisole could be effectively coupled with an o-tolyl
nucleophilic partner (Scheme 4, 3ca). Sterically hindered
2-chloro-m-xylene was also found to act as a substrate in this
reaction (Scheme 4, 3fa). Nitrogen heterocycles such as
pyridine, quinoline, and indole proved to be proficient and
afforded their corresponding products in excellent yields.

The scope of the aryl titanium reagents was then
examined (Table 2). Titanium nucleophiles bearing either
electron-donating or electron-withdrawing groups could be
used in this coupling reaction. Exceedingly hindered
6-methoxy-2,4-di-tert-butylbromobenzene could be coupled
effectively to afford the desired product in excellent yield
(Table 2, entry 3).
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Table 2: Palladium-catalyzed cross-coupling of different aryl halides with aryl

titanium nucleophiles.”

x oy
TiOPDs 6 05-0.5 mol% Pd(OAC),
2 X L1orL3
R I + |l R -
NS ¥ toluene, 90-110 °C
1-16 h
X=ClI, Br
Entry ArX Ar'-Ti Product Yield®
[%]

Ti(OiPr)3

®
e

MeO
e

o
oM

5]

Ti(OiPr)3

OMe
&
OM
N
|

T
®
O

MeO

fBu OMe

3 /©/ O 91

Br
tBu MeO tBu OMe
Me Me Ti(OiPr); 'V'e/ N Me
N A\

4 72 cl — 89
— Me Me
SO Me

Ng Me Ti(OiPr)3 N

5 | \ 91

Me Me

Ti(OiPr)

()]
=
@
4@ Q
@ =
- (0]
=

Me
tBu
L
Br FsC

e O Me
’E‘ &
Me CF3

Bu O
»
CFs

Ti(OiPr);

2

[a] Reaction conditions: see Schemes 1 and 4 for ArBr and ArCl coupling

reactions, respectively. [b] Yields of isolated product.

Organosulfones are highly attractive intermediates in
organic synthesis because of their chemical properties and
biological activities."”! Vogel and Dabbaka reported the
palladium-catalyzed Suzuki-type coupling of sulfonyl chlor-
ides with aryl boronic acids,” as well as the Stille-type
coupling of sulfonyl chlorides with organostannanes.”!! Inter-
estingly, the coupling products were biaryls instead of the
desired diaryl sulfones. This desulfonyl coupling possibly
results from the extrusion of SO, at the high reaction
temperatures and the long reaction times. To probe the
effectiveness of the titanium nucleophile, we coupled the aryl
titainium reagent to benzenesulfonyl chloride (Scheme 5).
Under our mild reaction conditions, the SO, moiety can be
retained in the product, and thus the desired unsymmetrical
sulfone was obtained in good yield.

In conclusion, we have succeeded in establishing the first
palladium-catalyzed titanium-mediated cross-coupling of aryl
halides. The catalyst system derived from 0.05 mol % Pd and
aminophosphane L1 or from 0.5 mol % Pd and phosphane L3
proved general and sufficient to promote the coupling of aryl
bromides and chlorides, respectively. Particularly noteworthy
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Scheme 5. Palladium-catalyzed coupling of benzenesulfonyl chloride
with the o-tolyltitanium nucleophile.

is the versatility of the organotitanium nucleophiles, which
can offer higher efficiency than organoboron derivatives in
the coupling of bromoindole which contains an NH group. In
addition to aryl halides, this titanium-mediated coupling also
allowed, for the first time, an aryl sulfonyl chloride to be
coupled. This protocol has the beneficial feature that addi-
tional solid inorganic bases are not required, and thus the
homogeneous medium would offer advantages for perform-
ing reactions in a flow system or microchannel reactor. Efforts
to expand the reaction scope and a mechanistic study are
currently underway.
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