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Palladium catalysis was used in Stille-type carbonylative cross-couplings employing Mo(CO)6 as the car-
bon monoxide source. Robust and convenient transformations were carried out in closed vessels at
100 �C, providing a set of diaryl ketones in good yields. Aryl triflates and bromides were used as coupling
partners with aryl stannanes. Inclusion of the Mo(CO)6 destabilizing agent DBU made this protocol oper-
ationally simple and suppressed side-product formation.

� 2010 Elsevier Ltd. All rights reserved.
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In the drug discovery process it is a common practice to synthe-
size focused series of congeners, based on a pharmacophore tem-
plate, to explore the structure activity relationship for the target
of interest. In this endeavor, it is of great importance to have access
to reliable and robust synthetic methodologies, as very little time is
usually available for reaction optimizations.1

Aiming for drug-space diversity, multi-component reactions
such as metal-catalyzed carbonylations are often very effective,
as they allow rapid systematic structural variations.2–5 Addition-
ally, isotopic labeling of CO (11C, 13C, 14C, 17O, 18O)6–11 is a very
powerful technique for the production of radiopharmaceuticals
with excellent utility, for example, in positron emission tomogra-
phy (PET) applications.12

Regrettably, gaseous carbonylation reactions are often expen-
sive and hazardous to perform in small-scale chemistry laborato-
ries, in contrast to process chemistry laboratories where gaseous
reactions are often simple to control and can be easily optimized.
Hence, a solid carbon monoxide-releasing agent would make this
two-phase reaction amenable to parallel synthesis on a milligram
scale.8 We have previously reported on a cobalt-catalyzed carbon-
ylation13 procedure to access diaryl ketones using solid Co2(CO)8.14

Unfortunately this protocol, being rapid and high yielding, allowed
only symmetrical aryl ketones15 to be prepared. Herein, we report
a method relying on the Stille carbonylative cross-coupling where
a solid carbon monoxide source is used conveniently in closed ves-
sels to obtain a variety of diaryl ketones (Scheme 1).
ll rights reserved.
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Aryl triflates are generally considered to be somewhat less reac-
tive in carbonylative couplings than the corresponding iodides16

and bromides.17,18 Nevertheless, due to the facile preparation of
aryl triflates from the parent phenols they constitute important po-
tential aryl palladium precursors.19,20

After some experimentation, combining features from Stille’s
original protocol21 and general metal carbonyl decomposing condi-
tions, we found that 10 mol % of the palladium catalyst
PdCl2(dppf)�CH2Cl2 along with 1 equiv of Mo(CO)6 and 10 mol %
of DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) gave full conversion
and principally only carbonyl-inserted products. The use of LiCl
as an additive was beneficial for reactions involving aryl triflates
but was not required for those using aryl bromides.

The reactions were performed by simply mixing the chemicals,
sealing the vessel, and heating the reaction according to Table 1,
followed by a standard purification procedure.22 Reaction times
ranged between 16 and 24 h ensuring full conversion in all entries
(except entry 6, vide infra) at 100 �C, and no individual optimiza-
tion was performed.

Despite the use of only a small excess of carbon monoxide,
byproducts originating from Stille biaryl coupling were rarely
detected. This indicates that the solubility of carbon monoxide is
DMF, 100 ºC 3a-q

Scheme 1. Carbonylative coupling of electrophiles (X = OTf, Br) with
organostannanes.
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Table 1
Carbonylative cross-coupling of organostannanes with various electrophilesa producing 3a–q via Scheme 1

Entry R–SnBu3 R R0–X Reaction time (h) Product RCOR0 Isolated yield (%)

1 2-Naphthyl 1a PhOTf 2a 16
O

Ph
3a 79

2 Ph 1b PhOTf 2a 16
Ph

O

Ph
3b 72

3 2-Pyridyl 1c PhOTf 2a 19
N O

Ph
3c 62

4 3-Pyridyl 1d PhOTf 2a 16
N O

Ph
3d 72

5 2-Fluoro-3-pyridyl 1e PhOTf 2a 16
N O

Ph

F

3e 42

6 Pyrazinyl 1f PhOTf 2a 16
N

N O

Ph
3f 13

7 Ph 1b p-MeOC6H4OTf 2b 16
Ph

O
OMe 3g 62

8 Ph 1b m-Tol-OTf 2c 16

Ph

O
3h 73

9 Ph 1b p-Tol-OTf 2d 16
Ph

O
3i 83

10 Ph 1b m-ClC6H4OTf 2e 24

Ph

O
Cl

3j 91

11 Ph 1b 3,5-di-(MeO)C6H3OTf 2f 16
Ph

O
OMe

OMe

3k 90

12 Ph 1b Quinoline-6-triflate 2g 16 N
O

Ph
3l 98

13 Ph 1b 1-Naphthyl triflate 2h 16

Ph

O 3m 78

14 Ph 1b p-CF3C6H4OTf 2i 16
Ph

O
CF3 3n 94

15 Ph 1b p-Bromophenol 2j 16
Ph

O
OH 3o 67

16 Ph 1b m-Bromoanisole 2k 16

Ph

O
O

3p 36

17 Ph 1b p-Bromobenzotrifluoride 2l 16
Ph

O
CF3 3n 80

18 Ph 1b p-Bromoacetophenone 2m 16
Ph

O O
3q 73

a The reaction was conducted in closed vessels at 100 �C on 1 mmol scale (2a–m) with 1.4 equiv of 1a–f, 10 mol % PdCl2(dppf)2�CH2Cl2, 1 equiv of Mo(CO)6, 10 mol % DBU,
1.4 equiv of LiCl in DMF (5 mL).
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sufficient in DMF, at the temperature used, to retain enough of the
gas in solution. The limited expenditure of carbon monoxide can be
a very important feature, from a cost perspective, when isotopi-
cally labeled CO is utilized.8,9 Low partial CO pressure is also ben-
eficial for the catalytic effectiveness because excessive Pd–CO
association reduces the equilibrium concentration of the catalyti-
cally active electron-rich Pd(0) species involved in the oxidative
addition step.

The stability of the catalytic system is manifested through the
efficiency by which possibly chelating pyridine substrates are cou-
pled in high yields (entries 3–6 and 12), as pyridines are known to
be good coordinating ligands to both molybdenum23,24 and palla-
dium.25 Running the reaction without DBU, as the carbon monox-
ide release promoter, resulted in a somewhat lower yield of
benzophenone (68% vs 72%, entry 2) and formation of a biaryl
side-product was detected.26 Performing the reaction with
0.5 equiv of Mo(CO)6 gave incomplete conversion and a reduced
yield of benzophenone (58% vs 72%). Also substantial biaryl forma-
tion was detected here.

It has been suggested in the literature that initial complexation
of metal carbonyls to arenes, yielding in our case g6-ArXMo(CO)3,
followed by oxidative addition of palladium with subsequent inter-
nal migration of CO into the Pd–Ar bond is a conceivable reaction
pathway.27,28 However, as mentioned, a substoichiometric amount
(0.5 equiv) of Mo(CO)6 provided a 58% yield, thus the involvement
of molybdenum in the catalytic cycle seems less likely under our
conditions.29

Electron-rich and neutral stannanes produced satisfying yields
and no de-stannylated starting material was found (entries 1 and
2). It is notable that, in contrast to the original report by Stille, elec-
tron-poor aryl stannanes perform well in the coupling with phenyl
triflate (entries 3–5) employing our general protocol.21 Further-
more, all the employed electron-poor aryl triflates performed well
(entries 10–14).15 Electron-rich and neutral aryl triflates gave
slightly lower yields (entries 2 and 7–9). The only disappointment
was the coupling with pyrazine stannane (entry 6), where full con-
version was not achieved, providing only 13% of isolated product
and substantial amounts of unreacted starting material.

To further define the scope of our catalytic carbonylation proto-
col we decided to include aryl bromides, which are readily avail-
able, more stable, and cheaper than the corresponding iodides. As
expected, aryl bromides were found to be comparably productive
coupling partners in our system. Good yields (36–80%) were
obtained using both electron-rich and electron-poor substrates
(entries 15–18). Importantly, running the reaction with phenol 2j
(entry 15), the only product obtained was the desired diaryl
ketone. No trace of the ester product (4-bromophenyl benzoate)
could be detected upon LC–MS analysis of the crude mixture. A
more expected chemoselectivity was obtained in entry 10 where
the chlorine proved inert to the coupling conditions. This pro-
nounced substrate chemoselectivity can prove very important
when assembling complex molecules and may circumvent the
need for protecting group strategies.

In conclusion, we have successfully developed a synthetically
convenient and flexible protocol for carbonylative Stille diaryl cou-
plings employing a solid CO-source. Aryl triflates showed broad
scope producing high yields and also allowed couplings with elec-
tron-poor aryl tin reagents. To the best of our knowledge, this is the
first report where electron-poor aryl tin reagents such as 2-pyrid-
ylstannane 1c are successfully employed in carbonylative Stille
cross-couplings. A wide variety of diaryl ketones were produced,
in good to high yields, employing a single standard protocol for
both aryl triflates and bromides. Further investigations are cur-
rently ongoing in our laboratory to explore the scope and limita-
tions of this reaction.
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